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ABSTRACT
The problem of weld cracking in austenitic stainless steels is  
introduced together with a survey of work carried out to try and 
explain the phenomenon. It  is  clear from this survey that 
although the problem is  solvable by allowing a small amount of 
fe rrite  to appear in the fina l weld microstructure the detailed  
reasons for the cracking are s t i l l  unknown -  especially in the 
particular case of cast to cast variations.
This thesis has looked at 6 alloys which are similar in 
composition, a l l  bar one of which meet the AISI 316 specification. 
The in it ia l  premise was that some of these alloys would be easy to 
weld and that some would be prone to cracking. Experimental 
modelling (using a Quenched Directional So lid ification  or QDS 
technique) has been used to look at the detail of how the alloys 
so lid ified , with respect to the thermal properties, fraction solid  
against temperature, phase chemistry and microstructure. 
Sophisticated techniques much as electron probe microanalysis and 
computer controlled image analysis have been used to extract the 
results from these experiments. These models have been correlated 
with a small amount of weld testing using the 1Varestraint1 
process.
The microstructural results revealed that a l l  the alloys in it ia lly  
so lid ified  as fe rr ite  and underwent a transition to austenitic 
so lid ification  as the temperature dropped. The transition between 
the two so lid ification  modes varied in its  suddenness -  this 
appeared to be a function of the impurity content of the alloy. 
Analysis of the EPMA results showed that both eutectic and 
peritectic transformation reactions apparently occurred.
The Clyne-Davies model of so lid ification  cracking has been applied 
to experimentally determined fraction solid curves. This method 
provided some predictive insights and could usefully be more 
widely applied in technological cases to predict i f  a particular 
cast of material may be prone to weld cracking.
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PREFACE
When discussing stainless steels i t  is  inevitable that the 
austenitic and fe r r it ic  phases w ill  be mentioned. In this thesis, 
which is  concerned with high temperature measurements, the terms 
fe rr ite , delta fe rr ite  or delta phase synonymously refer to the 
body centred cubic phase seen in iron base alloys at temperatures 
just below freezing. The terms austenitic or gamma phase re fer to 
the face centred cubic phase found as a result of transformation 
or i f  suitable austenitising elements are present. The low 
temperature fe rr ite  phase (alpha) is  not relevant to this work.
This thesis reports work carried out while the author was employed 
by The United Kingdon Atomic Energy Authority at the 
Harwell Laboratory. He is  grateful for their permission to use
the work in this thesis and would like to acknowledge the
supervision and help provided by Dr E A Feest and Dr B Hudson. He
would also like to thank Mrs H Atkinson and Mr R Hawes for their
careful EPMA measurements. Other thanks must go to 
GEC Large Machines Limited, Special Contracts Division
(Varestraint te st in g ), Dr T W Clyne (for his supervision) and 
Berni who managed to interpret my disgraceful scrawl. Finally I 
would like to thank G ill  for shaming me into completing this 
thesis.
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SOME INVESTIGATIONS INTO THE SO LID IFICATIO N PROPERTIES
OF 316 TYPE STAINLESS STEEL
INTRODUCTION
Ordinary low alloys steels such as AISI 4340 are excellent, 
inexpensive structural materials. However they do suffer from 
corrosion or strength deterioration in aggressive environments 
such as high temperatures or acids. For many years now i t  has 
been recognised that a 1 2 % or greater chromium addition w ill  
confer non-rusting or stainless properties to a steel (1 ). As 
time has progressed this observation has been used to develop 
families of stainless steels based on the three major 
crystallographic structures seen in steels -  namely, fe rr ite ,  
austenite and martensite.
The austenitic steels are the most corrosion resistant of the 
three varieties. They have nickel added to overcome the fe rr ite  
stabilis ing effect of the chromium. The austenitic matrix is  
generally more ductile at room temperature than the fe rr ite  one 
which confers greater formability. There is  also a sligh tly  
improved corrosion resistance, especially in oxidising conditions. 
I f  attack occurs i t  is  intergranular. The usual mode is  that 
intergranular carbides form and locally  reduce the chromium 
content thus allowing attack. Damage can be minimised by using 
low carbon steels or adding other carbide forming elements such as 
niobium or titanium. Steels containing these elements are
referred to as 's tab ilised ' because they are not sensitive to 
chromium carbide growth, especially between 600°C and 800°C.
The formation of carbides and also intermetallic precipitates such 
as 1* gives added precipitation hardening. The
presence of these stable precipitates allows austenitic steels to 
be used at s ligh tly  higher temperatures than their fe r r it ic  
counterparts -  800°C compared with 750°C. This high temperature 
strength coupled with resistance to radiation embrittlement and 
hardening has enhanced the attraction of these alloys for use in 
the nuclear industry for reactor core components. This attraction  
is  not diminished by the poor dimensional stab ility  under 
irradiation caused by void formation within the microstructure.
Because of the properties referred to above austenitic stainless 
steels are widely used in the construction of complicated 
assemblies such as power stations or chemical plant. Typical 
items are steam superheaters, headers, valves and piping, fast  
reactor vessels, internals and fuel cladding, and gas reactor 
tubing and tank parts. These complexes are fin a lly  assembled on 
site  so i t  is  essential that sound welds are produced under 
possibly d if f ic u lt  conditions, although many welds are produced in 
the factory. Austenitic steels are normally considered to possess 
good weldability, but purely austenitic weld metal can be prone to 
hot cracking (also known as supersolidus cracking, hot tearing 
e t c ), see for example Borland and Younger (2 ). Much work has 
since been done to try and solve this problem and the area of 
interest has expanded to cover the so lid ification  properties of 
stainless steels. Suutala and his co-workers have presented a
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wide ranging survey of the so lid ification  modes of many stainless 
steels (3 ,4 ,5 ), and other groups have conducted welding tr ia ls .
Industry does not only have to select the right alloy. One 
problem that has occurred with numerous alloy systems is  that of 
cast to cast variations. This is  a problem that manifests it s e lf  
as an apparently random series of weld fa ilu res. On closer 
investigation it  soon becomes evident that the fa ilu res are linked 
by their belonging to a small number of a large number of original 
ingot casts used. These faulty casts are not out of 
specification, it  is  that there is  some subtle variation that 
causes the specified welding process to give faulty welds. 316 
stainless steels are among those affected by cast to cast 
variations (in the AISI system of classifying the stainless steels 
the 200 series are Cr-Mn-Ni steels, the 300 series are Cr-Ni 
austenitic steels and the 400 series are martensitic Cr s te e ls ).
For this reason the study reported here has looked at several 
variants of 316 type steels to try and ascertain, in detail, their 
so lid ification  properties. The object of the exercise was to 
include both casts that showed good and bad welding properties, 
and to try and isolate any differences in behaviour between these, 
in the hope of producing a measurement which would allow the 
prediction of welding behaviour.
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2. SURVEY OF WORK CARRIED OUT ON SOLID IFICATIO N AND WELDING OF
STAINLESS STEELS
2.1 Early Reports
Early reports of so lid ification  cracking in welded austenitic 
stainless steel structures concerned type 347 steel (see Table2 i), 
such as those reported in references 6,7,8. 347 steel is  niobium
containing and the brittleness reported here is due to a 
combination of NbC/7 eutectics and low melting point compounds 
formed by niobium with elements such as S,P, and Si (9,10). 
Borland and Younger (2) have comprehensively reviewed the 
literature produced during the 1950's period.
2.2 Solid ification
As welding is  one of the largest areas .where so lid ification  of 
steels is  encountered it  is  not surprising that several groups 
have used welds to investigate this phenomenon. Producing weld 
metal under closely defined conditions is one of the few options 
open to try and eliminate defects such as so lid ification  or 
liquation cracking. The earliest quantitative attempt to help 
welders make acceptable welds by allowing them to choose a 
suitable chemistry is  enshrined in the Schaeffler diagram (22) 
(figure 2 .1 ). The idea of using equivalences has since been 
refined b^ authors such as DeLong et al (23) and Hammar and 
Svensson (24).
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TABLE 2 o l
NOMINAL COMPOSITIONS OF SELECTED AUSTENITIC STAINLESS STEELS
STEEL C Cr Mx Mo Si Mm Tx Mb Others
302 0 .15 17-19 8 - 1 0 1 . 0 2 . 0
303 0.15 17-19 8 - 1 0 0.6 1 . 0 2 .0 0.15 min S
304 0.08 18-20 8-10.5 1 . 0 2 . 0
308 0.08 19-21 1 0 - 1 2 1 . 0 2 . 0
310 0 .25 24-26 19-22 1.5 2 . 0
316 0.08 16-18 10-14 2.0-3.0 1 . 0 2 . 0
321 0 .08 17-19 9-12 1 . 0 2 . 0 5xCmin
347 0.08 17-19 9-12 1 . 0 2. 0 lOxCmin
Maximum levels unless otherwise stated or a range is  given. 
A ll figures in wt%
Fe balance
F
ig. 
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E m p i r i c a l l y  i t  h as  b een  the  room te m p e ra tu re  f e r r i t e  c o n te n t  t h a t  
h as  been  u sed  as  an i n d i c a t o r  o f  th e  l i k e l i h o o d  t h a t  a g iv e n  a l l o y  
w i l l  c r a c k  d u r in g  s o l i d i f i c a t i o n .  F o r  w e ld in g  a s m a l l  amount o f  
8 -  f e r r i t e  i s  o f t e n  s p e c i f i e d  ( f o r  exam ple 5% (1 1 ) )  t o  a s s u r e  a 
sound w e ld .  T h i s  p a ra m e te r  i s  u s e f u l  as  i t  i s  e a sy  to  a s s e s s  by  
m agn et ic  f e r r i t e  m e te r s ,  b u t  i t  h a s  been  c h a l l e n g e d  a s  to  w h eth e r  
i t  i s  t r u l y  im p o r ta n t  f o r  s o l i d i f i c a t i o n .  More modern th o u g h t  
(1 2 ,1 3 ,1 4 )  s u g g e s t s  t h a t  th e  h ig h  tem p e ra tu re  p r o p e r t i e s  a r e  th o se  
t h a t  d e te rm in e  th e  c o u r s e  o f  th e  s o l i d i f i c a t i o n  p r o c e s s .
The t r a d i t i o n a l  a p p ro ach  t o  s o l i d i f i c a t i o n  r e s e a r c h  i s  shown by  
Runov (15 ) . H is  e x p e r im e n ts  u t i l i s e d  c a s t ,  w e ld e d  and  
i s o t h e r m a l l y  h e ld  and quenched  sp ec im en s .  He worked  on a s e r i e s  
o f  18/8 s t e e l s  w i t h  v a r y i n g  amounts o f  f e r r i t e  and c o n c lu d e d  t h a t  
s o l i d i f i c a t i o n  was i n t e r m i t t e n t  r a t h e r  than  c o n t in u o u s  and t h a t  
s e g r e g a t i n g  e le m e n ts  r e d u c e  th e  s o l i d u s  o f  th e  l a s t  m e ta l  to  
s o l i d i f y .  T h is  l a s t  l i q u i d  i s  s a i d  to  l e a d  t o  c r a c k in g  when i t  
s t o p s  d e n d r i t e s  m ee t in g  and th u s  b l o c k in g  th e  m ig r a t i o n  o f  p r im a ry  
g r a m  b o u n d a r i e s .  F e r r i t e  form ed when the  l a s t  l i q u i d  became a 
e u t e c t i c  m ix tu re  w h ich  c o n v e r t e d  to  f e r r i t e  on h o m o g e n is a t io n .
Com m ercia l s t e e l s  have  b een  s p e c i f i c a l l y  t e s t e d  f o r  s o l i d i f i c a t i o n  
c r a c k in g  p r o p e n s i t y  in  Japan  ( 1 1 ) .  T h i s  was c a r r i e d  ou t  by  
p u t t i n g  w e ld  b e a d s  o n to  p l a t e s  under  th e  c o n d i t i o n s  o f  the  
' V a r e s t r a i n t '  t e s t ,  w h ich  aims to  i n v e s t i g a t e  c r a c k in g  p r o p e n s i t y  
by p u t t i n g  w e ld s  down u n d e r  v a r y in g  r e s t r a i n t s  by  b e n d in g  
specim ens round a c u rv e d  fo rm er  d u r in g  w e ld in g .  The s t e e l s  came 
from  two d i f f e r e n t  s u p p l i e r s  and w e re  o f  ty p e s  304, 310, 316 and
321. The a u th o r s  c o n c lu d e d  t h a t  5 - f e r r i t e  c o n te n t  was the  main
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p a ra m e te r  t h a t  a f f e c t e d  th e  s o l i d i f i c a t i o n  c r a c k in g  p r o p e n s i t y  o f  
th e  a l l o y s ,  w i t h  304 show ing  a l o w e r  s u s c e p t i b i l i t y  than  316 and  
310. A s l i g h t l y  s u r p r i s i n g  c o n c lu s io n  i s  t h a t  304L shows l e s s  
c r a c k in g  than  304 b u t  316 l e s s  th an  316L. A l a t e r  p a p e r  from  the  
same g ro u p  (12 ) h as  i n v e s t i g a t e d  th e  r e a s o n s  f o r  th e  e f f i c i e n c y  o f  
th e  8- p h a s e  i n  s t o p p in g  c r a c k i n g .  304 and 310 t y p e s  o f  s t e e l  w e re  
exam ined and i t  was found  t h a t ,  a l th o u g h  b o th  s t e e l s  s o l i d i f i e d  in  
a c e l3 .u la r  d e n d r i t i c  mode, th e  304 v a r i a n t  fo rm ed  l a r g e  amounts  
(75-80%) o f  p r im a ry  <5- f e r r i t e  w h ich  t r a n s fo r m e d  m a in ly  to  
a u s t e n i t e  l e a v i n g  o n ly  a  s m a l l  f r a c t i o n  o f  f e r r i t e  a t  room 
t e m p e ra tu r e ,  some o f  w h ich  h a s  a p p e a re d  from  th e  f i n a l  l i q u i d  a s  a 
5 -T  e u t e c t i c .  The 310 s t e e l  fo rm ed  p r im a ry  a u s t e n i t e  and no 
f e r r i t e  was s e e n .  I t  was a l s o  r e p o r t e d  t h a t  s e g r e g a t i o n  was seen  
in  b o th  s t e e l s ,  p a r t i c u l a r l y  o f  P ,  S i  and S .  More secon d  p h ase  
s u lp h id e s  w e re  seen  in  th e  c e l l  b o u n d a r i e s  o f  th e  f u l l y  a u s t e n i t i c  
310 s t e e l  than  in  the  304. Even a d d in g  s u lp h u r  t o  310 c a u se d  no 
n o t a b l e  i n c r e a s e  i n  th e  s u lp h u r  c o n te n t  o f  th e  d e n d r i t e  s tem s.  
P hosphorus  a p p e a re d  t o  b e h a v e  i n  a s i m i l a r  m anner, w i t h  p h o sp h id e  
c o n te n t s  in  310S (S u lp h u r  c o n t a i n i n g )  a t  0.02%P show ing  p h o s p h id e  
fo rm a t io n  p r o p e r t i e s  e q u i v a l e n t  to  304 c o n t a in in g  0 .2  %P.
On th e  o t h e r  s i d e  o f  th e  w o r ld  in  Sweden s t a i n l e s s  s t e e l s  w ere  
s im u l t a n e o u s ly  b e in g  exam ined . An im p o r ta n t  d eve lop m en t  was the  
p u b l i c a t i o n  (16 ) o f  w hat became known a s  th e  QDS (Quenched  
D i r e c t i o n a l  S o l i d i f i c a t i o n )  t e c h n iq u e .  T h i s  t e c h n iq u e  a l l o w s  a 
s o l i d i f i c a t i o n  sequence  t o  b e  f o l l o w e d  c o n t in u o u s ly  i n  one  
spec im en , and h a s  b e e n  u se d  by  o t h e r  g ro u p s  more r e c e n t l y  
( 1 7 , 1 8 , 1 9 ) .  F r e d r i k s s o n 1s i n i t i a l  work was on an 1 8 -8  ( o r  304) 
ty p e  s t e e l  w h ich  he fo u n d  t o  s o l i d i f y  i n i t i a l l y  a s  f e r r i t e  b e f o r e
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t r a n s fo r m in g  t o  a u s t e n i t e .  T h i s  s tudy  was soon f o l l o w e d  by one  
l o o k in g  a t  two d i f f e r e n t  304 s t e e l s  and a much more h i g h l y  a l l o y e d  
20 C r ,  25 N i  s t e e l  ( 1 7 ) .  QDS was c o u p le d  w i t h  th e rm a l  a n a l y s i s  
w ith  th e  o b j e c t  o f  i n v e s t i g a t i n g  s o l i d i f i c a t i o n  c r a c k in g  th ro u g h  
volume ch anges  d u r in g  th e  s o l i d i f i c a t i o n  p r o c e s s .  The a u th o r s  
foun d  t h a t  the  f e r r i t i c a l l y  s o l i d i f y i n g  304 s t e e l s  showed a lo w e r  
volume change (5 .7% ) d u r in g  s o l i d i f i c a t i o n  than  th e  20 C r  -  25 N i  
s t e e l  (7 .5 % ) ,  and t h a t  f o r  th e  304 c a se  w here  t h e r e  was a 
p e r i t e c t i c  r e a c t i o n  th e  t o t a l  volume change depended  on how much 
f e r r i t e  i s  p r e s e n t  a t  th e  c o m p le t io n  o f  s o l i d i f i c a t i o n .  The 
d i f f e r e n c e  in  c o n t r a c t i o n  m agn itude  i s  s im p ly  e x p l a in e d  by  the  
d i f f e r e n t  p a c k in g  f r a c t i o n s  o f  f e r r i t e  ( b c c -0 .6 8 )  and a u s t e n i t e  
( f c c - 0 . 7 4 )  .
A s l i g h t l y  l a t e r  s tu d y  a l s o  c o u p le d  QDS and th e rm a l  a n a l y s i s  (18 ) . 
H ere  the  o b j e c t  was t o  u t i l i s e  s y n t h e t i c  s t e e l s  o f  v a r y in g  n i c k e l  
c o n te n t  t o  e s t a b l i s h  th e  s o l i d i f i c a t i o n  p r o c e s s e s  o f  a f a m i l y  o f  
18.5% C r  s t e e l s .  The r e s u l t s  a g re e d  w i th  the  p h ase  d ia g ram  
p ro p o s e d  by  Schurmann f o r  th e  e u t e c t i c  v a l l e y  and th e  change  
from  5 t o  Y s o l i d i f i c a t i o n  ( 2 0 ) .  F u r t h e r  a n a l y s i s  o f  th e  r e s u l t s
(21 ) i n d i c a t e d  t h a t  f o u r  d i f f e r i n g  s o l i d i f i c a t i o n  seq u en ces  w ere  
o p e r a t i n g ,  nam ely ;
( i )  L L + 8 “““te- 8 — 8 + y
( i i )  L  L  + 8 ■==>> L  +  7
( i i i )  L  L  + 5 — ► 5 + 7
( i v ) L  — ► L  + 7 7
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(S ee  a ls o  f i g u r e  2 .2 )
The a u th o r s  go  on t o  lo o k  a t  th e  volume changes  i n  t h e i r  spec im ens  
and c o n c lu d e  t h a t  th e  r e s u l t s  o f  L e f l e r  and Malm (17 ) o v e r  
e s t im a t e  the  s h r in k a g e .  They a l s o  c o n t e s t  the  v a l u e s  g iv e n  f o r  
th e  s o l i d i f i c a t i o n  i n t e r v a l .
The most w ide  r a n g in g  s tu d y  o f  s o l i d i f i c a t i o n  o f  s t a i n l e s s  s t e e l s
i s  p r o b a b ly  t h a t  o f  S u u t a l a ,  T a k a lo  and M o is io  ( 3 , 4 , 5 ) .  These
w o rk e rs  have  lo o k e d  a t  a p p r o x im a t e ly  f i f t y  d i f f e r e n t  s t a i n l e s s
s t e e l s  i n  th e  A I S I  300 s e r i e s .  By th e  u se  o f  th e  s h i e l d e d  m e ta l
a r c  (SMA) and th e  g a s  t u n g s te n  a r c  (GTA) w e ld in g  p r o c e s s e s  th ey
h ave  p ro d u c e d  a s e r i e s  o f  w e ld s  f o r  s e c t i o n i n g  and a n a l y s i s .
F e r r i t e  c o n te n t s  have  b een  m easu red ,  and the  f e r r i t e  m orpho logy
h as  been  u sed  t o  c h a r a c t e r i s e  th e  w e ld  s o l i d i f i c a t i o n  p r o c e s s  i n t o
one o f  t h r e e  g r o u p s .  T h e i r  Type A w e ld s  have  s o l i d i f i e d  w i t h
a u s t e n i t e  as  th e  l e a d i n g  p h a s e ,  any f e r r i t e  p r e s e n t  i s  assumed t o
have  ap p e a re d  a t  th e  end o f  th e  s o l i d i f i c a t i o n  sequence  a s  i t s
m orpho logy  i s  t h a t  o f  s m a l l  r e g u l a r  p a r t i c l e s .  A l i m i t  f o r  t h i s
ty p e  o f  s o l i d i f i c a t i o n  h a s  b een  p l a c e d  a t  C r ^ / N i  < 1 .4 8 .  Type B
w e ld s  have  a s o - c a l l e d  a u s t e n i t i c - f e r r i t i c  s o l i d i f i c a t i o n  mode.
The a u s t e n i t e  i n i t i a l l y  g row s  be tw een  th e  f e r r i t e  d e n d r i t e s  and
th e  f e r r i t e  e v e n t u a l l y  u n d e rg o e s  a s o l i d  s t a t e  t r a n s f o r m a t io n  t o
a u s t e n i t e .  The re m a in in g  s m a l l  f r a c t i o n  o f  f e r r i t e  can have
e i t h e r  a ' v e r m i c u l a r '  o r  ' l a t h y '  m orph o logy .  The c o m p o s i t io n a l
l i m i t s  a r e  1 .4 8  < C r  / N i  < 1 .9 5 .  The t h i r d  g ro u p  (Type C) a r e
eq ' eq
c h a r a c t e r i s e d  by  s i n g l e  p h a se  f e r r i t i c  s o l i d i f i c a t i o n  and a s o l i d  
s t a t e  t r a n s f o r m a t io n  t o  a u s t e n i t e .  The s t r u c t u r e  h e r e  i s  
g e n e r a l l y  ' l a t h y '  w i t h  any re m a in in g  f e r r i t e  m ixed i n  w i t h  the
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a u s t e n i t e  w h ich  has  grown by a W idm ansta tten  method. The l i m i t  
f o r  t h i s  ty p e  o f  p r o c e s s  i s  g i v e n  by  C r ^ / N i  > 1 .9 5 .
A th r e e  p a r t  s tu d y  o f  th e  s o l i d i f i c a t i o n  o f  a u s t e n i t i c  w e ld  m eta l  
has  been  p u b l i s h e d  by  L i p p o ld  and Savage  ( 2 5 , 2 6 , 2 7 ) .  P a r t  I  
p ro p o s e s  a s o l i d i f i c a t i o n  mechanism f o r  a u s t e n i t i c  w e ld s  wh ich  
s t a t e s  t h a t  s o l i d i f i c a t i o n  commences w i th  e i t h e r  a u s t e n i t e  o r
f e r r i t e  w i th  a p p r o p r i a t e  i n i t i a l  t r a n s i e n t  s e g r e g a t i o n .  F e r r i t i c  
a l l o y s  then  c o n t in u e  i n  a s t e a d y  s t a t e  manner u n t i l  a d ja c e n t
c o n c e n t r a t i o n  g r a d i e n t s  im p inge  l e a d i n g  to  a t e r m in a l  t r a n s i e n t  
r e g i o n  w h ich  s o l i d i f i e s  e u t e c t i c a l l y . The a l l o y  then  u n d e rgo e s  a 
s o l i d  s t a t e  t r a n s f o r m a t i o n .  In  s o l i d i f y i n g  a l l o y s  th e  f i n a l
t r a n s i e n t  i s  such  t h a t  some f e r r i t e  i s  n o rm a l ly  fo rm ed , some o r  
a l l  o f  w h ich  may s u b s e q u e n t ly  t r a n s fo r m  to  a u s t e n i t e  in  th e  s o l i d  
s t a t e .  P a r t  I I  d e a l s  w i t h  a l l o y  c h em is t ry  and w i l l  b e  c o v e re d  
l a t e r  w h i l e  P a r t  I I I  c o n n e c ts  s o l i d i f i c a t i o n  and h o t  c r a c k in g  
s u s c e p t i b i l i t y .  H ere  th e  a u th o r s  have  used  th e  V a r e s t r a i n t  t e s t  
(28 ) t o  show t h a t  a l l o y s  c o n t a in in g  5-12% f e r r i t e  a f t e r  w e ld in g  
and c o o l i n g  to  room te m p e ra tu re  a re  more r e s i s t a n t  t o  h o t  c r a c k in g  
than  w h o l ly  a u s t e n i t i c  a l l o y s  such as  310. They a l s o  n o te  t h a t  
h i g h l y  f e r r i t i c  a l l o y s  such as  ty p e  312 a l s o  c r a c k  on w e ld in g  and  
c o n c lu d e  t h a t  t h i s  i s  due t o  a  c o a r s e  s t r u c t u r e  a l l o w i n g  the  
fo rm a t io n  o f  t h in  c o n t in u o u s ,  low  m e l t in g  p o in t  l i q u i d  f i l m s .  The 
a l l o y s  such as  304L, 316, 309 e t c .  which  show a d u p le x  s t r u c t u r e  
have to o  much bou n dary  a r e a  f o r  co n t in u o u s  f i lm s  t o  fo rm .
A n o th e r  p a p e r  from  th e  same g ro u p  (29 ) h as  lo o k e d  a t  specim ens
p rod u ced  u n der  " V a r e s t r a i n t "  c o n d i t i o n s  by o p t i c a l  and e l e c t r o n  
m ic ro sc o p y .  They w ere  l o o k in g  a t  th e  e f f e c t  o f  n i t r o g e n  in  the
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s h i e l d i n g  g a s  on th e  s o l i d i f i c a t i o n  o f  304 and 316 ty p e  a l l o y s .  
W ith  no n i t r o g e n  p r e s e n t  th ey  had  2 h e a t s  s o l i d i f y i n g  f e r r i t i c a l l y  
and one a u s t e n i t i c a l l y .  A d d in g  n i t r o g e n  (a  s t r o n g  a u s t e n i t i s e r )  
to  the  s h i e l d i n g  a tm osphere  e v e n t u a l l y  l e d  t o  a l l  t h r e e  a l l o y s  
s o l i d i f y i n g  a u s t e n i t i c a l l y  and t o  a con sequ en t  in c r e a s e  in  
c r a c k in g  s u s c e p t i b i l i t y .  Some a l l o y s  showed b o th  e u t e c t i c  and  
p r im a ry  f e r r i t e  and th e  d i f f e r e n c e  be tw een  th e  two was e a s i l y  
p ic k e d  up by  the  u se  o f  STEM (S can n in g  T r a n s m is s io n  E l e c t r o n  
M ic ro sc o p y )  p r o f i l e s ,  by  i t s  p o s i t i o n  w i t h in  th e  m i c r o s t r u c t u r e  o r  
by  p r e c i p i t a t e s  on th e  e u t e c t i c  f e r r i t e / a u s t e n i t e  b o u n d a r i e s .
Gooch and Honeycombe (30 ) have  d i s t i n g u i s h e d  be tw een  
s o l i d i f i c a t i o n  c r a c k in g  and m i c r o f i s s u r i n g  o r  l i q u a t i o n  c r a c k in g .  
The fo rm er  o c c u r s  d u r in g  s o l i d i f i c a t i o n .  The l a t t e r  i s  a r e h e a t  
phenomenon in  w h ich  a  p r e v i o u s l y  d e p o s i t e d  w e ld  b e a d  i s  r e h e a t e d  
t o  n e a r  th e  s o l i d u s  te m p e ra tu re  and v e ry  s m a l l ,  h i g h l y  s e g r e g a t e d  
a r e a s  r e m e l t .  These  c r a c k s  a r e  d i f f i c u l t  t o  d i f f e r e n t i a t e
m e t a l l o g r a p h i c a l l y  b u t  m i c r o f i s s u r e s  n o rm a l ly  o c c u r  on g r a i n  
b o u n d a r i e s .  The aim o f  t h e i r  s tu d y  was t o  e v a lu a t e  th e  e f f e c t  
t h a t  w e ld in g  p a r a m e te r s  had on th e  c r a c k in g  s u s c e p t i b i l i t y  o f  316 
and 310 ty p e  s t e e l s .  I t  was fou n d  t h a t  th e  310 g r a d e  (wh ich  i s  
w h o l ly  a u s t e n i t i c )  showed a h i g h e r  tendency  f o r  m i c r o f i s s u r i n g ,
w i t h  a h i g h e r  c r a c k  d e n s i t y  in  w e ld  ru n s  l a i d  on to p  o f  the
i n i t i a l  r u n s .  G e n e r a l l y  i t  was c o n c lu d ed  t h a t  w e ld  c o n d i t i o n s  had  
a s m a l l e r  e f f e c t  on l i q u a t i o n  c r a c k in g  than  on s o l i d i f i c a t i o n
c r a c k in g ,  b u t  g r a i n  s i z e  does  have  an e f f e c t  w i t h  c o a r s e  g r a i n s  
l e a d i n g  t o  more f i s s u r e s .
The p ro b lem  o f  v a r i a n c e s  w i t h i n  an a l l o y  system  h as  been  a d d r e s s e d  
by  C i e s l a k  and S avage  ( 3 1 ) .  They lo o k e d  a t  h o t  c r a c k in g  w i t h in  
th e  CF-8M g r a d e  (a n a lo g o u s  t o  316) by  t e s t  w e ld in g  th e  a l l o y s  in  a 
' V a r e s t r a i n t '  t e s t .  T h e i r  r e s u l t s  s u p p o r t  th e  o b s e r v a t i o n  t h a t  
s t e e l s  w i t h  some 8- f e r r i t e  p r e s e n t  a r e  l e s s  s u s c e p t i b l e  t o  h o t  
c r a c k in g ,  b u t  th ey  comment t h a t  f e r r i t e  measurem ents a lo n e  w i l l  
n o t  g u a ra n te e  a w e ld a b l e  c a s t .  They n o ted  t h a t  in  t h i s  a l l o y  
e i t h e r  f e r r i t e  o r  a u s t e n i t e  may b e  th e  l e a d in g  p h a s e ,  th us  
m ic r o s t r u c t u r e s  can  be  c o m p l ic a t e d .
T h is  s u rv e y  o f  i n v e s t i g a t i o n s  i n t o  th e  s o l i d i f i c a t i o n  a s p e c t s  o f  
a u s t e n i t i c  s t a i n l e s s  s t e e l  s t r u c t u r a l  d eve lopm ent  i s  com p le ted  
w it h  a b r i e f  n o te  o f  th e  f o l l o w i n g  p a p e r s .  A l l e n  (32 ) h as  lo o k e d  
a t  a u s t e n i t i c  c l a d d in g  ( t y p e  309L) o f  p r e s s u r e  v e s s e l s  and has  
found  com plex b e h a v io u r  w i t h  d i f f e r e n t  p a r t s  o f  th e  b e a d  show ing  
d i f f e r e n t  s o l i d i f i c a t i o n  s e q u e n c e s ,  and w i t h  6 and T p h a s e s  
g ro w in g  s im u l t a n e o u s ly .  Leone and K e r r  (33 ) have  r e p o r t e d  the  
a p p ea ran ce  o f  se c o n d a ry  a u s t e n i t e  in  b o th  the  s o l i d  and l i q u i d  
p h a se s  o f  a  s o l i d i f y i n g  s t e e l .  They used  p s e u d o - b in a r y  p hase  
d ia g ra m s  t o  r e p r e s e n t  th e  s o l i d i f i c a t i o n  seq u en ces  and hence to  
e x p l a i n  th e  s t r u c t u r e s  o b t a in e d .  D a v id  e t  a l  (34 ) u sed  
d i f f e r e n t i a l  th e rm a l  a n a l y s i s  and t r a d i t i o n a l  i n t e r r u p t e d  
s o l i d i f i c a t i o n  and tu n g s t e n  i n e r t  g a s  w e ld s  t o  e s t a b l i s h  the  
s o l i d i f i c a t i o n  o f  308 and 310 s t e e l s .  They found  th e  308 typ e  
s o l i d i f i e d  i n i t i a l l y  as  f e r r i t e ,  then  went th ro u g h  a t h r e e  ph ase  
r e g i o n  w h i l e  th e  310 s o l i d i f i e d  p u r e l y  a u s t e n i t i c a l l y . R e s id u a l  
f e r r i t e  in  th e  308 s t e e l  h a s  b een  shown t o  b e  u n t ra n s fo rm e d  
p r im a ry  p h a se .
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The d i f f e r i n g  s o l i d i f i c a t i o n  modes seen  in  a u s t e n i t i c  s t a i n l e s s  
s t e e l s  l e a d  t o  a v a r i e t y  o f  s t r u c t u r e s  b e in g  p ro d u c e d .  I t  h as  no t  
a lw a y s  been  c l e a r  how th ey  have  a r i s e n .  E a r l y  work a s  r e v ie w e d  by  
B o r la n d  and Y ounger  (2 )  ten d ed  t o  th e  v ie w  t h a t  l i q u i d  f i lm s  a t  
g r a i n  b o u n d a r i e s ,  e i t h e r  in  th e  w e ld  m eta l  o r  th e  h e a t  a f f e c t e d  
zon e ,  w e re  th e  mechanism by  w h ich  s o l i d i f i c a t i o n  c r a c k in g  
p r o p a g a t e d .  I t  was th o u g h t  t h a t  s e g r e g a t i o n  o f  e lem en ts  such as  
s u lp h u r  and p h osph o ru s  c o n t r i b u t e d  to w a rd s  th e  fo rm a t io n  o f  t h e s e  
low  m e l t in g  p o i n t  f i l m s .  T h i s  p o s t u l a t e  was s t i l l  c u r r e n t  a  
decade  l a t e r  when Runov (15 )  i n v e s t i g a t e d  h i s  s t e e l s .  He e x p e c te d  
t o  f i n d  a c o n t in u o u s  l i q u i d  f i l m  betw een  g r a i n s  and s eco n d a ry  
' p o l y g o n i z a t i o n 1 b o u n d a r i e s .  I n s t e a d  he d i s c o v e r e d  t h a t  th e  
l i q u i d  became p in c h e d  o f f  i n t o  s e p a r a t e  p o o l s  w h ich  w ere  
d e t e c t a b l e  in  th e  i n t e r d e n d r i t i c  i n t e r s t i c e s .
A r a t a  e t  a l  (12 ) r e p o r t e d  th e  d i f f e r e n c e  be tw een  p r im a ry  and  
r e s i d u a l  f e r r i t e  in  th e  f i n a l  m i c r o s t r u c t u r e  o f  an a u s t e n i t i c  
s t e e l .  In  304 s t e e l  th e  8 - f e r r i t e  was the  l e a d i n g  ph ase  and  
e v e n t u a l l y  th e  f i n a l  l i q u i d  s o l i d i f i e d  as  a m ix tu r e  o f  <$ and V 
p h a s e s .  F u r t h e r  c o o l i n g  b r o u g h t  a b o u t  the  s o l i d  s t a t e  f e r r i t e  to  
a u s t e n i t e  t r a n s i t i o n  l e a v i n g  a l i t t l e  r e s i d u a l  f e r r i t e .  The 
app ea ran ce  o f  t h i s  r e s i d u a l  f e r r i t e  was o f t e n  a s  i f  i t  had  been  
form ed a t  the  c e l l u l a r  d e n d r i t i c  b o u n d a ry .  No f e r r i t e  was seen  
d u r in g  th e  s o l i d i f i c a t i o n  o f  310 ty p e  s t e e l ,  h e re  even  th e  f i n a l  
l i q u i d  p o o l s  s o l i d i f i e d  a u s t e n i t i c a l l y .
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The n e x t  s t a g e  i n  s t r u c t u r a l  i n t e r p r e t a t i o n  was tak en  by  Hammar 
and Svensson  (24 ) who d i v i d e d  r e s i d u a l  f e r r i t e  i n t o  t h a t  l o c a t e d  
w i t h in  fo rm er  f e r r i t e  d e n d r i t e s  and i n t e r d e n d r i t i c  f e r r i t e .  In  
f e r r i t i c  s o l i d i f i c a t i o n  th ey  foun d  r e s i d u a l  f e r r i t e  in  C r  and Mo 
r i c h  a r e a s  a t  th e  c e n t r e s  o f  o r i g i n a l  p r im a ry  d e n d r i t e s .  In  the  
a u s t e n i t i c  s o l i d i f i c a t i o n  c a s e  th e  f e r r i t e  d i d  n o t  a p p e a r  u n t i l  
th e  f i n a l  l i q u i d  p o o l s  s o l i d i f i e d  and th e  f e r r i t e  a p p e a re d  as  
i n t e r d e n d r i t i c  lum ps. In  some o f  t h e i r  a l l o y s  b o th  r e s i d u a l  
p r im a ry  and i n t e r d e n d r i t i c  secon d a ry  5 - f e r r i t e  a p p e a re d .
T a k a lo ,  S u u t a la  and M o is io  i n  t h e i r  s tu d y  o f  numerous a u s t e n i t i c  
a l l o y s  ( 3 , 4 , 5 )  d i v i d e d  t h e i r  r e s u l t s  in t o  th r e e  m i c r o s t r u c t u r a l  
t y p e s  and i n f e r r e d  d e t a i l s  o f  th e  s o l i d i f i c a t i o n  from  th e  o b s e rv e d  
s t r u c t u r e .  T h e i r  t y p e  A c a t e g o r y  s o l i d i f i e d  p u r e l y  a u s t e n i t i c a l l y  
and as  such had a s t r u c t u r e  t h a t  o n ly  c o n ta in e d  f e r r i t e  i f  th e  
f i n a l  l i q u i d  had r e a c h e d  a c o m p o s i t io n  such t h a t  i t  f r o z e  
e u t e c t i c a l l y . Thus th e  f e r r i t e  i s  a lw a y s  a t  th e  i n t e r d e n d r i t i c  
p o s i t i o n  w i t h  a rounded  o r  c u rv e d  m orpho logy  r e f e r r e d  t o  as  
' v e r m i c u l a r ' . On a l a r g e r  s c a l e  th e  s t r u c t u r e  i s  b lo c k y  w i th  
a u s t e n i t e  g r a i n s  c o r r e s p o n d in g ,  a p p r o x im a t e ly ,  t o  th e  b l o c k s .  
These  b l o c k s  have  a  c e l l u l a r  s o l i d i f i c a t i o n  s u b s t r u c t u r e  w i th  any 
f e r r i t e  l o c a t e d  be tw een  th e s e  c e l l s .
The Type B w e ld s  o f  th e  above  s tu d y  show a much more c o m p l ic a t e d
s t r u c t u r e  w h ich  i s  g e n e r a l l y  i r r e g u l a r  w i t h  th e  f e r r i t e  p r e s e n t
show ing  b o th  v e r m ic u l a r  and l a t h y  m o rp h o lo g ie s .  The m orpho logy
a p p e a r s  to  change  w i t h  th e  Cr : N i  r a t i o .  A t  low  v a lu e s  o f
e q  eq
t h i s  r a t i o  the  v e r m ic u l a r  form  p re d o m in a te s  w h i l e  a t  h i g h e r  v a lu e s  
more l a t h y  f e r r i t e  i s  s e e n .  The p o s i t i o n  o f  th e  f e r r i t e  has  been
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shown to  b e  i n t r a - d e n d r i t i c  ( i e  on th e  d e n d r i t e  s p in e s )  w i th  a  
s m a l l e r  amount o f  i n t e r - d e n d r i t i c  f e r r i t e  as  d e s c r i b e d  p r e v i o u s l y .  
The v e r m ic u la r  f e r r i t e  h a s  no o r i e n t a t i o n  r e l a t i o n s h i p  c o n n e c t in g  
i t s  c r y s t a l l o g r a p h y  w i t h  t h a t  o f  th e  a u s t e n i t e  b u t  a Kurdjumov  
Sachs o r  N ish iyam a-W asserm an  r e l a t i o n s h i p  (e g  53) was seen  to  
con n ec t  l a t h y  f e r r i t e  and a u s t e n i t e .  T h is  t y p e  o f  s t r u c t u r e  i s  
th o u g h t  t o  b e  the  r e s u l t  o f  f e r r i t e  l e d  s o l i d i f i c a t i o n .
The t h i r d  c a t e g o r y  in  th e  Sw ed ish  s tu d y  co n ce rn ed  w e ld s
s o l i d i f y i n g  in  th e  s i n g l e  p h ase  f e r r i t i c  mode. In  t h i s  g ro u p  th e
room te m p e ra tu re  f e r r i t e  c o n te n t  was a l l o w e d  t o  r i s e  ( i n  some
c a s e s )  such as  t o  b l u r  th e  d i s t i n c t i o n  betw een  a u s t e n i t i c  and
f e r r i t i c  w e ld  m e t a l .  A t  th e  low  Cr : N i  r a t i o  end o f  t h i s
eq  eq
g ro u p  a l a t h y  f e r r i t e  m orpho logy  p e r s i s t e d .  However a t  h i g h e r  
r a t i o ' s  ( i e  h i g h e r  C r  w e ld s )  th e  s t r u c t u r e  i s  b e s t  d e s c r i b e d  as  
l a t h y  a u s t e n i t e  as  th e  m a t r ix  h a s  become f e r r i t i c .  Type C w e ld s  
a r e  c h a r a c t e r i s e d  by  l a r g e  g row th  u n i t s  ( o r  b l o c k s )  c o n t a in in g  a 
l a t h y  m orpho logy  and s i m i l a r  i n  s i z e  t o  the  a u s t e n i t i c  g r a i n s  
r e f e r r e d  t o  i n  ty p e  A w e ld s .  These  b l o c k s  a r e  su r ro u n d e d  by  an 
a u s t e n i t i c  netw ork  o f  v a r i a b l e  c o n t i n u i t y .  A b l o c k  may c o n t a in  
more than  one l a t h  b u n d le .  An o r i e n t a t i o n  r e l a t i o n s h i p  a s  n o ted  
above  i s  n o rm a l ly  seen  be tw een  th e  two p h a s e s .  SEM i n v e s t i g a t i o n  
showed a s o l i d i f i c a t i o n  s u b s t r u c t u r e  i n s i d e  each  b l o c k  wh ich  i s  
a p p a r e n t ly  u n r e l a t e d  t o  th e  l a t h  s t r u c t u r e .  Thus a s o l i d  s t a t e  
S - >  Y t r a n s i t i o n  i s  s u p p o r t e d .  The a u th o r s  s u g g e s t  t h a t  from  
a c a r e f u l  m e t a l l o g r a p h i c  s u rv e y  a w e ld  can be  p l a c e d  in  i t s  
a p p r o p r i a t e  c a t e g o r y  and th us  i t s  g e n e r a l  s o l i d i f i c a t i o n  b e h a v io u r  
can be  s t a t e d .
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A s i m i l a r ,  i f  l e s s  d e t a i l e d ,  c o n c lu s io n  was drawn by  s t u d i e s  
r e p o r t e d  by  C i e s l a k  and Savage  (35 ) . In  s t u d i e s  o f  a u s t e n i t i c  
c a s t i n g  a l l o y s  they  showed t h a t  d i f f e r e n t  a l l o y s  had f e r r i t e  in  
i n t e r -  o r  i n t r a -  d e n d r i t i c  p o s i t i o n s  and c o n c lu d ed  t h a t  t h i s  
p o in t e d  t o  e i t h e r  a u s t e n i t i c a l l y  o r  f e r r i t i c a l l y  l e d  f r e e z i n g .  
The f e r r i t e  was i d e n t i f i e d  by  u se  o f  a m e t a l l o g r a p h ic  method.
L i p p o l a  and Savage  (27 ) in  t h e i r  s t u d i e s  o f  d e p o s i t e d  a u s t e n i t i c  
w e ld  m e ta l  found  t h a t  f u l l y  a u s t e n i t i c  ty p e  310 s t e e l  and h i g h l y  
f e r r i t i c  ty p e  312 a r e  p ro n e  t o  s o l i d i f i c a t i o n  c r a c k in g .  They  
assumed t h a t  t h i s  c r a c k in g  was th e  r e s u l t  o f  c o n t in u o u s  (o r  
s e m i -c o n t in u o u s )  l i q u i d  f i lm s  a t  g r a i n  b o u n d a r i e s .  The l a r g e ,  
smooth g r a i n s  seen  in  the  310 s t e e l  w e re  th ou gh t  to  b e  th e  cau se  
o f  th e  s u s c e p t i b i l i t y  t o  c r a c k in g  n o ted  i n  th e  v a r e s t r a i n t  t e s t s  
c a r r i e d  o u t  on t h i s  m a t e r i a l ,  and t h a t  th e  l a r g e  f e r r i t i c  g r a i n s  
i n  th e  312 a l s o  gave  a r e l a t i v e l y  s m a l l  l i q u i d ,  c r a c k  s u s c e p t i b l e  
g r a i n  bou n dary  a r e a .  In  c o n t r a s t  th e  d u p le x  308 and 316 s t e e l s  
w it h  t h e i r  l a r g e  boun dary  a r e a s  w e re  l e s s  s u s c e p t i b l e  to  c r a c k in g  
b e c a u s e  co n t in u o u s  f i l m s  c o u ld  n o t  fo rm . These  d u p le x  s t r u c t u r e s  
w ere  c h a r a c t e r i s e d  by  v e r m ic u l a r  f e r r i t e  s e p a r a t e d  by  a u s t e n i t e .  
The f e r r i t e  a p p e a r s  t o  b e  a t  c e l l u l a r  o r  s u b g r a in  b o u n d a r i e s .
We sh o u ld  n o te  t h a t  s t r u c t u r e  deve lopm ent  i s  n o t  l i m i t e d  to  th e
s o l i d i f i c a t i o n  zon e .  316 i s  a h e a t  t r e a t a b l e  s t e e l  and as  such
s e v e r a l  p r e c i p i t a t e  p h a se s  can  fo rm . These  have  r e c e n t l y  been
re v ie w e d  by  L a i  ( 3 6 ) .  S l a t t e r y  e t  a l  (37 ) have  i n v e s t i g a t e d  the
e f f e c t  o f  the  8- f e r r i t e  c o n te n t  on th e  a p p ea ran ce  o f  th e se
m a in ly  i n t e r m e t a l l i c  p h a se s  and found  t h a t  a m ix tu re  o f  d, JC
and M__Ch a r i s e s  from  d e c o m p o s it io n  o f  the  f e r r i t e  w i th  th e  h e a t  
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t r e a tm e n t .  A d d i t i o n a l l y  th e  f e r r i t e  c o n te n t  a f f e c t s  the  f i n a l  
p r e c i p i t a t e  d i s t r i b u t i o n .
2 .4  C o m p o s i t io n a l  E f f e c t s
A l l o y  c h e m is t ry  i s  o b v i o u s l y  g o in g  to  a f f e c t  th e  s o l i d i f i c a t i o n  
b e h a v io u r  o f  s t e e l s .  In  th e  s tu d y  d e s c r i b e d  in  t h i s  t h e s i s  the  
d i f f e r e n c e s  in  c o m p o s it io n  be tw een  th e  s t e e l s  i n v e s t i g a t e d  a re  
r e l a t i v e l y  m inor b u t  in  a w id e r  c o n t e x t  c o m p o s i t io n a l  v a r i a t i o n  i s  
im p o r ta n t  in  e s t a b l i s h i n g  and m a in t a in in g  th e  r e q u i r e d  m a t e r i a l  
p r o p e r t i e s .  The e a r l i e s t  a t tem p t  to  q u a n t i f y  the  e f f e c t  o f  a l l o y  
c h e m is t ry  on th e  s o l i d i f i c a t i o n  o f  s t a i n l e s s  s t e e l s  was S c h a e f f l e r
(22 ) who p ro p o se d  a s e r i e s  o f  chromium and n i c k e l  e q u i v a l e n t s  
w hich  when p l o t t e d  a g a i n s t  each  o t h e r  gave  a d ia g ra m  t h a t  
d e l i n e a t e d  v a r i o u s  s t r u c t u r a l  dom ains (F i g u r e  2 . 1 ) .  The con cep t  
o f  e q u iv a le n c e  h as  s in c e  been  u sed  s e v e r a l  t im es  by a u t h o r s  such  
as  De Long e t  a l  (23 ) and Hammar and Svensson  ( 2 4 ) .
A c c e p t in g  the  e f f e c t  t h a t  th e  two m a jo r  a l l o y i n g  e lem en ts  have  ( i e  
chromium as  a f e r r i t e  s t a b i l i s e r  and n i c k e l  a s  an a u s t e n i t e  
s t a b i l i s e r ) ,  t h e r e  a r e  d ra m a t ic  e f f e c t s  from  more m inor  a d d i t i o n s  
o r  u n in t e n t i o n a l  p i c k - u p s .  N i t r o g e n  i s  known a s  a s t r o n g  
a u s t e n i t i s e r  and i s  now used  as  an a l l o y i n g  a g e n t .  The p r i n c i p a l  
d i f f e r e n c e  betw een  th e  S c h a e f f l e r  and De Long d ia g ram s  i s  t h a t  the  
l a t t e r  in c lu d e s  the  e f f e c t  o f  n i t r o g e n .  A r a t a  e t  a l  (11 ) , d u r in g  
i n v e s t i g a t i o n s  on w e ld  c r a c k in g  s u s c e p t i b i l i t y  o f  v a r i o u s  
a u s t e n i t i c  s t e e l s ,  v a r i e d  th e  n i t r o g e n  c o n te n t  o f  th e  s h i e l d i n g  
g a s  th ey  u sed  be tw een  0 and 20%. T h e i r  r e s u l t s  showed t h a t  th e r e  
was an a p p ro x im a te ly  l i n e a r  r e l a t i o n s h i p  b e tw een  s h i e l d i n g  g a s
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n i t r o g e n  c o n te n t  and w e ld  m eta l  n i t r o g e n  c o n t e n t ,  w i t h  up t o  0 .16  
wt% n i t r o g e n  b e in g  fou n d  in  a w e ld  s h i e l d e d  w i th  Ar-20% N2 . T h is  
n i t r o g e n  p i c k -u p  in  t u rn  enhanced th e  a u s t e n i c i t y  o f  th e  a l l o y  and  
redu ced  the  f e r r i t e  c o n te n t  seen  a t  room te m p e ra tu re .  The o n s e t  
o f  f e r r i t e  r e d u c t io n  c o u ld  b e  d e la y e d  by  a l l o y i n g  w i t h  a n i t r i d e  
fo rm er  such as  t i t a n iu m .  I t  was o b s e r v e d  in  th e  same spec im ens  
t h a t  a h i g h e r  in c id e n c e  o f  w e ld  c r a c k in g  o c c u r r e d  in  th e  h ig h  
n i t r o g e n  w e ld s .  The e f f e c t  o f  low  l e v e l  n i t r o g e n  i n j e c t i o n  i n t o  
a u s t e n i t i c  w e ld s  h a s  b een  s t u d i e d  by  Okagawa e t  a l  (38 ) . The 
s h i e l d i n g  g a s  in  g a s  t u n g s t e n  a r c  w e ld s  on 304L s t e e l  was v a r i e d  
f rom  0-5% g i v i n g  an a p p ro x im a te ly  p a r a b o l i c  i n c r e a s e  in  w e ld
m eta l  n i t r o g e n  c o n te n t  t o  0 .1% , w i t h  a r a p i d  r i s e  from  an i n i t i a l  
c o n te n t  o f  0.02% ( i e  w i t h  100% A rgon  s h i e l d i n g  g a s ) .  The 
m ic r o s t r u c t u r e s  a g a in  showed a d e c r e a s e  in  f e r r i t e  c o n te n t  w i t h  a 
r e a s o n a b l e  l i n e a r  f i t  f o r  a p l o t  o f  wt% a g a i n s t  f e r r i t e  number 
-  w h ich  a t  th e  l e v e l s '  em ployed i s  c l o s e  to  vol% f e r r i t e .  F e r r i t e  
number i s  a p a ra m e te r  l i n e a r l y  a s s o c i a t e d  w i t h  th e  r e sp o n se  a 
m agn et ic  f e r r i t e  m eter  g i v e s ,  i t  i s  n o t  q u i t e  l i n e a r  w i t h  r e s p e c t  
t o  th e  volume o f  f e r r i t e  p r e s e n t .  C i e s l a k  e t  a l  (29 ) i n c lu d e d  
s i m i l a r  m easurements i n  t h e i r  s tu d y .  They u sed  h i g h e r  w e ld  
c u r r e n t s  and c o n s e q u e n t ly  had h i g h e r  n i t r o g e n  c o n t e n t s .  Okagawa  
(38 ) in c lu d e d  th e s e  r e s u l t s  in  some p a r t s  o f  h i s  s tu d y  and the  
r e s u l t s  w e re  c o n s i s t e n t .  Ogawa and Tsunetom i (39 ) c on n ec t  the  
e f f e c t s  o f  n i t r o g e n  and n iob iu m  in  a u s t e n i t i c  w e ld  m eta l  and  
co n c lu d e  t h a t  n i t r o g e n  im proves  the  c r a c k in g  r e s i s t a n c e  o f  a Nb 
f r e e  f u l l y  a u s t e n i t i c  w e ld ,  b u t  d e c r e a s e s  th e  r e s i s t a n c e  
s i g n i f i c a n t l y  i f  Nb i s  p r e s e n t .  The r e s i s t a n c e  i s  d e c r e a s e d  
s l i g h t l y  in  d u p le x  s t r u c t u r e s  w i t h  Nb p r e s e n t .
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Niobium  i s  p r i n c i p a l l y  known a s  an e lem ent added to  a u s t e n i t i c  
s t e e l s  as  a c a r b i d e  fo rm er  to  lo w e r  th e  s u s c e p t i b i l i t y  to  
s e n s i t i s a t i o n .  However i t  h as  been  r e p o r t e d  t h a t  n iob ium  
c o n t a in in g  s t e e l s  a r e  s u s c e p t i b l e  to  w e ld  c r a c k in g  ( e g  9) and t h i s  
l e d  to  th e  d ro p  in  u sa g e  o f  g r a d e s  such  as  347 f o r  item s  l i k e  
c h em ica l  p l a n t .  The i n t e r a c t i o n  o f  Nb w i t h  c a rb o n  h as  been  
s t u d i e d  and found to  h ave  an e f f e c t  on c r a c k in g  p r o p e r t i e s .  Ogawa 
and Tsunetom i (39 ) w h i l e  s t u d y in g  the  e f f e c t  o f  n i t r o g e n  found  
t h a t  in c r e a s e d  c a rb o n  red u ced  the  c r a c k in g  p r o p e n s i t y  o f  a h ig h  Nb 
(0 .78%) s t e e l  c o n s i d e r a b l y  and th e  e f f e c t  was s t i l l  p r e s e n t ,  
a l th o u g h  to  a red u ced  e x t e n t ,  in  a low  Nb (0 .26% ) a l l o y .
The e f f e c t  o f  m anganese on th e  s o l i d i f i c a t i o n  p r o p e r t i e s  o f  
s t a i n l e s s  s t e e l s  i s  acknow ledged  to  b e  com plex . R a b e n s t e in e r  e t  
a l  (40 ) c o n c lu d e d  from  t h e i r  w e ld in g  t e s t s  t h a t  e l e v a t e d  manganese  
c o n te n t s  g i v e  an i n c r e a s e  in  r e s i s t a n c e  to  h o t  c r a c k in g  g e n e r a l l y  
and l i q u a t i o n  c r a c k in g  in  p a r t i c u l a r . ( i e  a p p a r e n t l y  f a v o u r  th e  
f o rm a t io n  o f  f e r r i t e ) . They n o te  t h a t  the  e f f e c t  o f  th e  manganese  
i s  g r e a t e r  than  t h a t  p ro d u ced  by  r e d u c in g  n iob ium  and s i l i c o n  and  
t h a t  t o t a l  a l l o y  c o n te n t  a l s o  p l a y s  a p a r t .  S u u t a la  (41 ) has  
s p l i t  th e  c o m p o s i t io n a l  b e h a v io u r  o f  manganese i n t o  two r e g im e s .  
A t  low  c o n c e n t r a t i o n s  (1 -2% ) i t  b e h a v e s  as an a u s t e n i t i s e r  and a t  
s u b - s o l i d u s  t e m p e ra tu re s  i s  seen  t o  s l i g h t l y  f a v o u r  a u s t e n i t e .  A t  
h ig h e r  c o n c e n t r a t i o n s  (5 -8% ) i t  b e h a v e s  as  a f e r r i t i s e r .  O ther  
e f f e c t s  have  been  r e p o r t e d  b u t  n o t  s u b s t a n t i a t e d ,  and th e r e  
a p p e a r s  to  b e  some form o f  i n t e r a c t i o n  w ith  n i t r o g e n .  G e n e r a l l y  
manganese s e g r e g a t e s  in  a s i m i l a r  manner to  n i c k e l .
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S i l i c o n  i s  n o rm a l ly  th o u gh t  o f  a s  a  f e r r i t i s i n g  e lem en t .  A r a t a  e t  
a l  (12 ) exam ined the  b e h a v io u r  o f  s i l i c o n  d u r in g  t h e i r  s t u d i e s  on 
304 and 310 w e ld  m e ta l .  They found  a s e g r e g a t i o n  t o  th e  c e l l u l a r  
b o u n d a r ie s  in  each  c a se  w i th  the  s e g r e g a t i o n  b e in g  more marked in  
th e  310 c a s e .  S i l i c o n  was found  t o  e x i s t  a s  s i l i c i d e s  in  
a s s o c i a t i o n  w i t h  i r o n ,  chromium and n i c k e l .  I t  was o b s e r v e d  in  
th e  same w e ld s  a s  an o x id e  p h a s e .  R a b e n s t e in e r  e t  a l  (40 ) found  
t h a t  low  s i l i c o n  h e lp e d  red u ce  c r a c k in g .  No EDX -type  a n a l y s i s  was  
c a r r i e d  o u t  b u t  t h i s  w ou ld  eq u a te  w i th  th e  o x id e s  r e f e r r e d  t o  
above  g i v i n g  low  m e l t in g  p o i n t  p h a s e s ,  and w ou ld  a g r e e  w i th  Gooch  
and Honeycombe1s recom m endations (42) to  keep  S i  b e lo w  0.3% to  
a v o id  m ic r o c r a c k in g .
Molybdenum i s  a  common a d d i t i o n  t o  s t a i n l e s s  s t e e l  f o r  in c r e a s e d  
h ig h  t e m p e ra tu re  s t r e n g t h .  I t  i s  a f e r r i t i s i n g  e lem ent  and as  
such w ou ld  b e  th o u g h t  t o  im prove  r e s i s t a n c e  t o  h o t  c r a c k in g  by  
p rom ot in g  f e r r i t i c  s o l i d i f i c a t i o n .  T h is  h y p o t h e s i s  i s  su p p o r te d  
i n  th e  R a b e n s t e in e r  p a p e r  (40 ) w here  r a i s e d  Mo c o n te n t  i s  s t a t e d  
to  'h a v e  an a d v a n ta g e o u s  e f f e c t  on the  r e s i s t a n c e  o f  f u l l y  
a u s t e n i t i c  w e ld  m eta l  v i s - a - v i s  h o t  c r a c k i n g . . . . ' .
S u lp h u r  and p h o sp h o ru s  a r e  e lem en ts  lo n g  b lam ed f o r  h o t  s h o r t n e s s  
i n  s t e e l s  b e c a u se  o f  t h e i r  p r o p e n s i t y  f o r  fo rm in g  low  m e l t in g  
p o i n t  compounds. A r a t a  e t  a l  (12 ) found  p h o sp h id e s  and s u lp h id e s  
i n  c e l l u l a r  b o u n d a r ie s  in  304 and , a t  a h i g h e r  c o n t e n t ,  i n  310 
s t e e l .  These  w e re  th o u gh t  t o  have  a r i s e n  from  th e  l a s t  s t a g e s  o f  
s o l i d i f i c a t i o n .  T h i s  i n c r e a s e  in  i n c l u s i o n  c o n te n t  has  been  taken  
as  e v id e n c e  f o r  a lo w e r  s o l u b i l i t y  o f  t h e s e  e lem en ts  in  a u s t e n i t e  
compared w i th  f e r r i t e .  S e v e r a l  d i f f e r e n t  form s o f  i n c l u s i o n  have
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been  i d e n t i f i e d  w i t h  v a r y i n g  d e g r e e s  o f  e f f e c t  upon c ra c k  
s u s c e p t i b i l i t y .  C i e s l a k  and S avage  (31 ) have  r e p o r t e d  ph osph o rus  
s e g r e g a t i o n  t o  f i n a l  l i q u i d  in  t h e i r  s t u d i e s  o f  310 s t e e l .  They  
a r e  more c a u t io u s  a b o u t  t h e i r  s u lp h u r  r e s u l t  b e c a u se  o f  the  c l o s e  
p r o x im i t y  o f  th e  S Ka peak  and th e  Mo L^peak  in  the  X - r a y  
spectrum .
2 .5  E f f e c t  o f  C o o l i n g  R a te  on S o l i d i f i c a t i o n
C o o l in g  r a t e  has  been  r e c o g n i s e d  a s  an im p o r ta n t  p a ra m e te r  in  
s o l i d i f i c a t i o n  f o r  a lo n g  t im e .  In  th e  a u s t e n i t i c  s t a i n l e s s  s t e e l  
a r e a  Runov (15) and F r e d r i k s s o n  (16 ) took  d i f f e r i n g  v ie w s  on th e  
im po rtan ce  o f  t h i s  p a r a m e te r .  Runov n o ted  no e f f e c t  a p a r t  from  a 
r e f i n i n g  o f  th e  s t r u c t u r e  w h e rea s  F r e d r ik s s o n  showed t h a t  a h ig h  
s o l i d i f i c a t i o n  r a t e  ( e q u i v a l e n t  t o  a h ig h  c o o l i n g  r a t e  u n le s s  
c o n s i d e r a b l e  u n d e r c o o l in g  i s  p r e s e n t )  f a v o u r s  f e r r i t i c  
s o l i d i f i c a t i o n .  He f u r t h e r  r e l a t e s  t h i s  phenomenon t o  the  
a p p ea ran ce  o f  p r im a ry  a u s t e n i t e  in  th e  c e n t r e  o f  an i n g o t  t h a t  
showed p r im a ry  f e r r i t e  on th e  o u t s i d e .  L i p p o ld  and Savage  (26 )  
a l s o  found  t h a t  quenched w e ld s  in  304 type  s t e e l  showed a g r e a t e r  
f e r r i t e  c o n te n t  than  w ou ld  n o rm a l ly  b e  e x p e c t e d .  T h i s  was l i n k e d  
t o  a change in  f e r r i t e  m o rp h o lo gy .  A i r  c o o le d  w e ld s  show what  
th ey  d e s c r i b e d  as  a ' v e r m ic u l a r *  o r  rounded  m orpho logy  b u t  
quenched w e ld  m eta l  had an a c i c u l a r  o r  l a t h y  s t r u c t u r e .  The  
a u s t e n i t e  was found  t o  have  grown a lo n g  s p e c i f i c  h a b i t  p l a n e s  in  
th e  f e r r i t e  w i t h  the  d r i v i n g  f o r c e  f o r  the  breakdown from  a p l a n e r  
t r a n s i t i o n  coming from  the  s u p e r c o o l i n g  b e lo w  th e  a u s t e n i t e  s o lv u s  
im p a rted  by  th e  quench.
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Gooch and Honeycombe (30 ) d id  no t  d i r e c t l y  c o n s id e r  c o o l i n g  r a t e  
as  one o f  th e  v a r i a b l e s  in  t h e i r  s tu dy  o f  the  e f f e c t  o f  w e ld in g  
p r o c e s s  v a r i a b l e s  on c r a c k in g  and f i s s u r i n g .  T h e i r  c o n c lu s io n s  
w ere  t h a t  s o l i d i f i c a t i o n  c r a c k in g  was n o t  a f f e c t e d  by  c h an g in g  
v a r i a b l e s  such as  c u r r e n t ,  a r c  v o l t a g e  and t r a v e l  sp eed .  However  
m i c r o f i s s u r i n g  was fo u n d  t o  be  s l i g h t l y  l e s s e n e d  by  a lo w e r  
c u r r e n t  w h ich  (b e c a u s e  o f  i t s  lo w e r  h e a t  in p u t )  g i v e s  a h i g h e r  
c o o l i n g  r a t e  th ro u gh  th e  c r i t i c a l  r e g i o n .  A d d i t i o n a l  i n f o r m a t io n  
from  w e ld in g  e x p e r im e n ts  was from  S u u t a la  (43) who c o n c lu d e d  t h a t ,
o v e r  a r an ge  o f  s t e e l  c o m p o s i t io n s ,  a h ig h  c o o l i n g  r a t e  (and  hence
a h ig h  g row th  r a t e )  f a v o u r s  the  a u s t e n i t e  p h a se .  T h is  i s  c o n t r a r y  
t o  p r e v i o u s  r e s u l t s  n o ted  h e r e  ( 1 6 , 2 6 ) .  The p o i n t  i s  then  made
t h a t  c o o l i n g  r a t e  and g ro w th  r a t e  a r e  n o t  d i r e c t l y  in t e r c h a n g e a b l e
and t h a t  t h e r e  i s  a l a r g e  d i f f e r e n c e  betw een  th e  w e ld  c o n d i t i o n s  
and the  low  g row th  r a t e  e x p e r im e n ts  p e r fo rm e d  by  F r e d r i k s s o n  ( 1 6 ) .  
The f u r t h e r  c o n c lu s io n  i s  drawn t h a t  c o o l i n g  r a t e  i s  o f  se c o n d a ry  
im po rtan ce  as  a p a ra m e te r  i n  s o l i d i f i c a t i o n .
A r e v ie w  o f  c o o l i n g  r a t e  phenomena w ou ld  n o t  b e  com p le te  w i t h o u t  a
m ention  o f  r a p i d  s o l i d i f i c a t i o n .  V i t e k  e t  a l  (44 ) a p p l i e d  a r c
w e ld in g ,  l a s e r  w e ld in g  and s p l a t  quen ch in g  t o  308, 310 and 312
s t a i n l e s s  s t e e l s  t o  a s s e s s  th e  e f f e c t  o f  r a p i d  s o l i d i f i c a t i o n  on
th e  m i c r o s t r u c t u r e s  o f  th e  a l l o y s .  The f u l l y  a u s t e n i t i c  310 g ra d e
d id  n o t  v a r y  i t s  s t r u c t u r e  b u t  th e  o t h e r  two w ere  found  t o  be
c o o l i n g  r a t e  s e n s i t i v e .  In  th e  s p l a t  quenched and l a s e r  w e ld ed
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c a s e s  ( c o o l i n g  r a t e  a p p ro x im a te ly  10 °C S ) th e  308 was f u l l y  
a u s t e n i t i c  w h i l e  th e  312 was f u l l y  f e r r i t i c .  A t  lo w e r  c o o l i n g  
r a t e s  b o th  s t e e l s  showed a d u p le x  a u s t e n i t i c - f e r r i t i c  s t r u c t u r e .  
I t  was n o ted  t h a t  c o o l i n g  r a t e s  v a r i e d  c o n s i d e r a b l y  w i t h i n  a g iv e n
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r a p i d l y  s o l i d i f i e d  f o i l ,  e v id e n c e  f o r  t h i s  o b s e r v a t i o n  coming from  
th e  v a r i a t i o n  o f  s t r u c t u r e  w i t h i n  the  f o i l .  The c o o l i n g  r a t e s  o f  
th e  l a s e r  and s p l a t  p r o c e s s e s  w e re  found  to  b e  c o m p a ra b le .
2 .6  C ra c k  M orph o logy
C rack  m orpho logy  and i t s  c o r r e l a t i o n  w i th  s o l i d i f i c a t i o n  phenomena 
have  been  l i t t l e  s t u d i e d .  A w id e ly  u sed  t e s t  f o r  c r a c k  
s u s c e p t i b i l i t y  i s  th e  V a r e s t r a i n t  t e s t  and i t s  v a r i a t i o n s  f i r s t  
d e s c r i b e d  by Savage  e t  a l  ( 2 8 ) .  A r a t a  e t  a l  (11 ) have  p r e s e n t e d  
r e s u l t s  from  t h i s  ty p e  o f  t e s t .  They s t u d i e d  t e n  d i f f e r e n t  
com m erc ia l  a l l o y s  u n de r  T IG  w e ld  c o n d i t i o n s  and p l o t t e d  t h e i r  
r e s u l t s  as  t o t a l  c r a c k  l e n g t h  and maximum c r a c k  s i z e  a g a i n s t  
augmented s t r a i n  i n  th e  w e ld .  The t o t a l  c r a c k  l e n g t h  has  u s u a l l y  
been  u sed  a s  an e a s i l y  m easured  c r a c k in g  in d e x  a l t h o u g h  o t h e r  
i n d i c e s  w h ich  t a k e  i n t o  a cco u n t  th e  w e ld in g  speed  have  been  u se d .  
The a u th o r s  w e re  a b l e  t o  d em o n s t ra te  t h a t  th e  r e s u l t s  from  t o t a l  
c r a c k  l e n g t h  and maximum c r a c k  s i z e  w ere  a lm o s t  in t e r c h a n g e a b l e  
and dem on stra ted  th e  s u s c e p t i b i l i t y  o f  f u l l y  a u s t e n i t i c  s t r u c t u r e s  
t o  s o l i d i f i c a t i o n  c r a c k in g .  They assumed a l i q u a t i o n  mechanism  
f o r  th e  c r a c k in g .
F u r t h e r  work from  th e  same g ro u p  (45) on th e  310 g r a d e  d i v i d e d  the  
m ic r o s t r u c t u r e  i n t o  t h r e e  r e g i o n s  each  o f  w h ich  g a v e  d i f f e r e n t  
c r a c k in g  b e h a v io u r .  In  th e  h ig h  tem p e ra tu re  c r a c k s  th e  s u r f a c e s  
a r e  p r o t u b e r a n t  and th e  c r a c k s  a p p e a r  to  be  i n t e r d e n d r i t i c . The 
second r e g i o n  i s  a t r a n s i t i o n a l  a r e a  where  th e s e  p r o t u b e r a n c e s  
become more o b s c u re  and f i n a l l y ,  n e a r  the  s o l i d u s ,  th e  c ra c k  
s u r f a c e s  show a f l a t  m o rp h o lo gy .  N o n -m e t a l l i c  i n c l u s i o n s  w ere
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seen  on th e  s u r f a c e s ,  p a r t i c u l a r l y  in  a l l o y s  h ig h  in  e lem en ts  such  
as s u lp h u r .  The l i q u a t i o n  mechanism assumed above  i s  c o n f i rm e d  by  
Gooch and Honeycombe ( 4 2 ) ,  who r e p o r t e d  n o n -m e t a l l i c  i n c l u s i o n s ,  
a g a in  in  310 and in  316 a l l o y s .  S t u d ie s  on 304 ty p e  a l l o y s  (a  
m ixed s o l i d i f i c a t i o n  mode c o m p o s i t io n  c f  a u s t e n i t i c  310) showed  
o n ly  p r o t u b e r a n t  d e n d r i t i c  typ e  c r a c k s  w i th  l e s s  i n c l u s i o n s  s een .  
The f i n a l  a l l o y  ty p e  s t u d i e d  was th e  f e r r i t i c  430 g r a d e .  T h is  
a l l o y ,  a l th o u g h  f e r r i t i c ,  i s  com parab le  t o  310 i n  t h a t  i t  
s o l i d i f i e s  in  a s i n g l e  p h a se  manner. The c ra c k  m orpho logy  a g a in  
showed th e  3 zone system  o b s e r v e d  in  the  310 s t e e l  a l th o u g h  the  
c ra c k  l e n g t h  was much s m a l l e r  and th e  i n c l u s i o n  c o n te n t  much 
l o w e r .  T h is  was th o u g h t  t o  be  b e c a u s e  o f  the  h i g h e r  tramp e lem ent  
s o l u b i l i t y  and the  l o w e r  s o l i d i f i c a t i o n  i n t e r v a l .
Gooch and Honeycombe (30 ) n o ted  th e  d i f f e r e n c e  be tw een  
s o l i d i f i c a t i o n  c r a c k in g  and l i q u a t i o n  c r a c k in g  o r  m i c r o f i s s u r i n g .  
The fo rm e r  i s  th e  f a m i l i a r  h o t  t e a r  p ro b le m  and g e n e r a l l y  the  
c r a c k s  show some d e n d r i t i c  n a tu r e  on t h e i r  s u r f a c e s .  
M i c r o f i s s u r i n g  i s  e s s e n t i a l l y  a r e h e a t  p ro b le m  in  p r e v i o u s l y  
d e p o s i t e d  w e ld  ru n s  w here  m a t e r i a l  i s  h e a te d  up and s m a l l ,  
s e g r e g a t e d  r e g i o n s  r e m e l t .  The s u r f a c e s  a r e  n o rm a l ly  sm oother  
than  s o l i d i f i c a t i o n  c r a c k s  b u t  p r a c t i c a l l y  the  two can be  c o n fu se d  
u n le s s  h ig h  m a g n i f i c a t i o n  o b s e r v a t i o n  i s  em ployed . Many s t u d i e s  
do n o t  d i f f e r e n t i a t e  th e  two phenomena.
The w id e  r a n g in g  F in n i s h  s tu d y  (3 ,  4 ,  5 , 41, 43) h a s  n o t  lo o k e d  in  
d e t a i l  a t  c r a c k  m o rp h o lo gy .  The a u th o r s  do say  (46) t h a t  
s o l i d i f i c a t i o n  c r a c k s  a r e  l o c a t e d  a t  g r a i n  b o u n d a r ie s  in  
a u s t e n i t i c ,  a u s t e n i t i c - f e r r i t i c  and f e r r i t i c  s o l i d i f y i n g  w e ld s ,
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and t h a t  t r a n s - g r a n u l a r  c r a c k s  have  b een  seen  i n  
f e r r i t i c - a u s t e n i t i c  s o l i d i f i c a t i o n .  L i q u id  f l o w  can h e a l  c r a c k s  
and e v id e n c e  f o r  t h i s  has  been  r e p o r t e d  by  th e  same a u t h o r s .
2 .7  Summary and Commentary
T here  i s  a body o f  work t h a t  h as  lo o k e d  a t  th e  s o l i d i f i c a t i o n  
p r o p e r t i e s  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  Most o f  th e  work has  
been  c a r r i e d  ou t  t o  l o o k  a t  th e  w e ld in g  b e h a v io u r  o f  v a r i o u s  
a l l o y s  and h a s  compared d i f f e r e n t  g r a d e s ,  a l th o u g h  many s t u d i e s  
have in c lu d e d  more than  one a l l o y  from  each  g r a d e .  The th r e e  
m a jo r  s t u d i e s  su rv e y e d  have  come from  F in la n d  (3 ,  4 ,  5 ,  41 , 43 ,  
4 6 ) ,  th e  USA (25 , 26, 27, 28, 29 , 31 , 35) and Japan  (1 1 ,  12 , 45)
w i t h  much s u p p o r t in g  work from  o t h e r  s o u r c e s .  The F in n i s h  s tu d y  
lo o k e d  a t ,  and c h a r a c t e r i s e d ,  th e  s o l i d i f i c a t i o n  p r o p e r t i e s  o f  
many a l l o y s  and h a s  p r o v id e d  much b a s i c  d a t a .  The A m erican  work  
and th e  J ap an ese  work h as  t r i e d  t o  p r o v id e  e x p l a n a t i o n s  f o r  th e  
s o l i d i f i c a t i o n  c r a c k in g  phenomena i n  s e v e r a l  a l l o y s .  None o f  them 
has  lo o k e d  in  d e t a i l  a t  th e  p r o p e r t i e s  o f  s e v e r a l  a l l o y s  in  c l o s e  
p r o x im i t y  t o  one a n o th e r  (e g  a c r o s s  a s p e c i f i c a t i o n ) . The n e a r e s t  
s tu d y  t o  t h a t  has  been  t h a t  o f  B o b a d i l l a  and L e s o u l t  (1 8 ,2 1 )  who 
i n v e s t i g a t e d  th e  e f f e c t  o f  N i  added  to  an 18% C r  s y n t h e t i c  s t e e l  
i n  the  ran ge  5£% to  14^% N i .  They w ere  t r y i n g  t o  c l a r i f y  the  
p h ase  d ia g ram  b u t  p ro d u c e d  a  v e r y  u s e f u l  s e r i e s  o f  s o l i d i f i c a t i o n  
sequ en ces  a c r o s s  from  f e r r i t i c  t o  a u s t e n i t i c  s o l i d i f i c a t i o n .
The e x i s t i n g  body o f  k now ledge  r e a l i s e s  t h a t  a u s t e n i t i c  s t e e l s  can  
s o l i d i f y  in  s e v e r a l  d i f f e r e n t  ways and t h a t  to  a v o id  
s o l i d i f i c a t i o n  c r a c k in g  d u r in g  w e ld in g  some h ig h  t e m p e ra tu re  d e l t a
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f e r r i t e  i s  h i g h l y  d e s i r a b l e  ( i e  i n i t i a l l y  f e r r i t i c  
s o l i d i f i c a t i o n ) . The s e g r e g a t i o n  b e h a v io u r  o f  th e  a l l o y s  has  
g e n e r a l l y  b een  c l a r i f i e d  and th e  mechanism o f  th e  c r a c k in g  i s  
w id e ly  th ou gh t  to  be  by  th e  fo rm a t io n  o f  low  m e l t in g  p o i n t  l i q u i d  
and l a c k  o f  f e e d in g  ( o r  r e m e l t in g  in  the  c a se  o f  r e h e a t  c r a c k i n g ) . 
The e f f e c t  o f  th e  d e l t a - f e r r i t e  a p p e a r s  to  be  t o  soak  up more o f  
the  i m p u r i t i e s  such a s  s u lp h u r  and p h osph orous  t h a t  cau se  the  low  
m e lt in g  p o i n t  l i q u i d  t o  o c c u r .  The r e s u l t s  o f  the  s t u d i e s  a r e  not  
a lw a y s  i n  agreem ent -  f o r  exam ple  a h ig h  c o o l i n g  r a t e  has  been  
r e p o r t e d  to  f a v o u r  b o th  a u s t e n i t i c  and f e r r i t i c  s o l i d i f i c a t i o n .  
T h is  s e r v e s  o n ly  t o  em phas ise  th e  c o m p le x i ty  o f  t h e s e  a l l o y s .  The 
d u a l  a u s t e n i t i z i n g / f e r r i t i z i n g  n a tu r e  o f  manganese i s  a n o th e r  
e x a m p le .
Thus w h i l e  th e  b ro a d  o u t l i n e s  o f  a u s t e n i t i c  w e ld  c r a c k in g  a p p e a r s  
t o  be  w e l l  known t h e r e  i s  s t i l l  room f o r  l o o k in g  in  more d ep th  a t  
a s m a l l  p a r t  o f  the  spectrum  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  T h is  
i s  even  more so  when i t  i s  r e a l i s e d  t h a t  d i f f e r e n t  b a t c h e s  o f  
n o m in a l ly  s i m i l a r  m a t e r i a l  can beh ave  v e ry  d i f f e r e n t l y .
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f e r r i t e  i s  h i g h l y  d e s i r a b l e  ( i e  i n i t i a l l y  f e r r i t i c  
s o l i d i f i c a t i o n ) . The s e g r e g a t i o n  b e h a v io u r  o f  th e  a l l o y s  has  
g e n e r a l l y  b een  c l a r i f i e d  and th e  mechanism o f  th e  c r a c k in g  i s  
w id e ly  th o u gh t  t o  b e  by  th e  fo rm a t io n  o f  low  m e l t in g  p o i n t  l i q u i d  
and la c k  o f  f e e d in g  ( o r  r e m e l t in g  in  th e  c a se  o f  r e h e a t  c r a c k i n g ) . 
The e f f e c t  o f  th e  d e l t a - f e r r i t e  a p p e a r s  to  be  to  soak  up more o f  
the  i m p u r i t i e s  such  a s  s u lp h u r  and phosphorous  t h a t  cause  the  low  
m e lt in g  p o in t  l i q u i d  t o  o c c u r .  The r e s u l t s  o f  th e  s t u d i e s  a r e  not  
a lw a y s  in  agreem ent -  f o r  exam ple a h ig h  c o o l i n g  r a t e  has  been  
r e p o r t e d  t o  f a v o u r  b o th  a u s t e n i t i c  and f e r r i t i c  s o l i d i f i c a t i o n .  
T h is  s e r v e s  o n ly  to  em phas ise  th e  c o m p le x i ty  o f  t h e s e  a l l o y s .  The  
d u a l  a u s t e n i t i z i n g / f e r r i t i z i n g  n a tu r e  o f  manganese i s  a n o th e r  
ex a m p le .
Thus w h i l e  th e  b ro a d  o u t l i n e s  o f  a u s t e n i t i c  w e ld  c r a c k in g  a p p e a r s  
t o  be  w e l l  known th e r e  i s  s t i l l  room f o r  l o o k in g  in  more dep th  a t  
a s m a l l  p a r t  o f  th e  spectrum  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  T h is  
i s  even  more so when i t  i s  r e a l i s e d  t h a t  d i f f e r e n t  b a t c h e s  o f  
n o m in a l ly  s i m i l a r  m a t e r i a l  can  beh ave  v e ry  d i f f e r e n t l y .
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f e r r i t e  i s  h i g h l y  d e s i r a b l e  ( i e  i n i t i a l l y  f e r r i t i c  
s o l i d i f i c a t i o n ) . The s e g r e g a t i o n  b e h a v io u r  o f  th e  a l l o y s  has  
g e n e r a l l y  b een  c l a r i f i e d  and th e  mechanism o f  th e  c r a c k in g  i s  
w id e ly  th o u gh t  to  be  by  th e  fo rm a t io n  o f  low  m e l t in g  p o in t  l i q u i d  
and la c k  o f  f e e d in g  ( o r  r e m e i t in g  in  th e  c a se  o f  r e h e a t  c r a c k i n g ) . 
The e f f e c t  o f  th e  d e l t a - f e r r i t e  a p p e a r s  t o  b e  to  soak  up more o f  
th e  i m p u r i t i e s  such a s  s u lp h u r  and p h osph orous  t h a t  cause  the  low  
m e lt in g  p o in t  l i q u i d  t o  o c c u r .  The r e s u l t s  o f  the  s t u d i e s  a r e  not  
a lw a y s  in  agreem ent -  f o r  exam ple a h ig h  c o o l i n g  r a t e  has been  
r e p o r t e d  to  f a v o u r  b o th  a u s t e n i t i c  and f e r r i t i c  s o l i d i f i c a t i o n .  
T h is  s e r v e s  o n ly  t o  em phasise  the  c o m p le x i ty  o f  t h e s e  a l l o y s .  The  
d u a l  a u s t e n i t i z i n g / f e r r i t i z i n g  n a tu r e  o f  manganese i s  a n o th e r  
exam ple .
Thus w h i l e  th e  b ro a d  o u t l i n e s  o f  a u s t e n i t i c  w e ld  c r a c k in g  a p p e a r s  
t o  be  w e l l  known t h e r e  i s  s t i l l  room f o r  l o o k in g  in  more dep th  a t  
a s m a l l  p a r t  o f  the  spectrum  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  T h is  
i s  even  more so when i t  i s  r e a l i s e d  t h a t  d i f f e r e n t  b a t c h e s  o f  
n o m in a l ly  s i m i l a r  m a t e r i a l  can beh ave  v e ry  d i f f e r e n t l y .
3 . EXPERIMENTAL ASPECTS OF THE STUDY
3 .1  The M a t e r i a l s  S t u d ie d
The m a t e r i a l s  a r e  v a r i a n t s  o f  th e  b a s i c  316 s t e e l  (T a b le  2 . 1 ) .  
T h is  g r a d e  was d e v e lo p e d  from  the  w e l l  known 18 chromium 8 n i c k e l ,  
a u s t e n i t i c  s t a i n l e s s  s t e e l .  The c u r r e n t  316 s p e c i f i c a t i o n  h as  a 
chromium l e v e l  w h ich  i s  s l i g h t l y  red u ced  from  the  18 wt% l e v e l  and
a n i c k e l  l e v e l  w h ich  i s  i n c r e a s e d .  Thus the  a l l o y  i s  l e s s  l i a b l e
t o  c o n t a in  any f e r r i t i c  p h a s e s . The molybdenum i s  added  t o
i n c r e a s e  the  c o r r o s i o n  and c r e e p  r e s i s t a n c e  o f  the  a l l o y .
T h ree  s o u rc e s  o f  s u p p ly  w ere  u t i l i s e d .  A l l o y  A i s  a  s t a n d a rd  316
s t e e l  s u p p l i e d  from  a s t o c k  h o l d e r .  I t  i s  p a r t  o f  a b u lk
com m erc ia l  c a s t  and as  such i s  r e l a t i v e l y  h ig h  i n  d e l e t e r i o u s  
e le m e n ts .  I t s  c o m p o s it io n  ( a l o n g  w i t h  a l l  th e  o t h e r  a l l o y s )  i s  
shown in  T a b le  3 .1 .
A l l o y s  B and C come from  h e a t s  o r d e r e d  by th e  UKAEA f o r  l a r g e  
s c a l e  e x p e r im e n t a l  work  on f a b r i c a t i o n  o f  t h e s e  s t e e l s .  These  
two a l l o y s  have  been  m an u fac tu red  c a r e f u l l y  b u t  a r e  s t i l l  s u b j e c t  
t o  th e  c o n s t r a i n t s  o f  com m erc ia l  s t e e l  m aking .
The rem a in in g  a l l o y s  come from  e x p e r im e n t a l  m e l t s .  T h e i r  c h i e f  
d i s t i n c t i o n  i s  t h e i r  c l e a n l i n e s s ,  and s i g n i f i c a n t  amounts o f  
d e l e t e r i o u s  e lem en ts  a r e  o n ly  p r e s e n t  i f  they  a r e  in te n d e d  to  b e .  
I t  w i l l  b e  n o t i c e d  t h a t  th e  c o m p o s i t io n a l  v a r i a t i o n  c o v e r s  the  
b r e a d t h  o f  the  316 s p e c i f i c a t i o n ,  and t h a t  low  (< 0 .0 3  wt%) and  
c o n v e n t io n a l  (< 0 .0 8  wt%) c a rb o n  l e v e l s  a r e  r e p r e s e n t e d .
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TABLE 3 .1
COMPOSITION OF ALLOYS USED IN  THIS STUDY
ALLOY C C r  M i Mo S i  Mn Mb S3 P S
A 0 .068  17 .45  10 .43  2 .24  0 .45  1 .23  0 .030  0 .014
B 0 .050  18 .00  11 .78  2 .23  0 .3 7  1 .81  <0 .01  0 .048  0 .022  0 .005
C 0 .050  16 .80  11 .82  2 .15  0 .4 3  1 .6 1  <0 .01  0 .051  0 .023  0 .015
D 0 .015  16 .62  11 .47  1 .2 9  0 .39  0 .92  0 .21  0 .008  0 .005  0 .005
E 0 .024  17 .90  12 .20  2 .25  0 .45  1 .79  <0 .02  0 .059  0 .100  0 .008
F 0 .020  17 .80  12 .00  2 .24  0 .4 6  1 .88  <0 .02  0 .046  <0 .0 1  0 .007
3 .2  Quenched D i r e c t i o n a l  S o l i d i f i c a t i o n
Many o f  th e  c o n t e n t s  o f  t h i s  s e c t i o n  a r e  c o n ta in e d  i n  R e f  19.
3 . 2 . 1  The T ech n iqu e
Quenched D i r e c t i o n a l  S o l i d i f i c a t i o n  (QDS) i s  a t e c h n iq u e  where  th e  
i n s t a n t a n e o u s  h i g h  t e m p e ra tu re  s t r u c t u r e  i s  quenched  i n t o  a 
sp ec im en .  T h i s  i n  i t s e l f  i s  n o t  r e m a rk a b le .  However th e  specim en  
i s  quenched  from  w i t h i n  a t e m p e ra tu re  g r a d i e n t  such t h a t  the  
t e m p e ra tu re  ra n g e  o f  i n t e r e s t  i s  c o n ta in e d  w i t h i n  one spec im en .  
Thus i t  i s  p o s s i b l e  t o  o b t a i n  a c o n t in u o u s  r e c o r d  o f  a 
s o l i d i f i c a t i o n  sequ en ce  i n  one specim en  r a t h e r  then  r e l y i n g  on th e  
s e r i e s  o f  s t e p s ,  g i v e n  by  a number o f  i s o t h e r m a l l y  a n n e a le d  
s a m p le s .  The t e c h n iq u e  was f i r s t  d e s c r i b e d  by  F r e d r i k s s o n  ( 1 6 ) .
F i g u r e  3 .1  show s, i n  a  s c h e m a t ic  fo rm , th e  p r o d u c t io n  o f  th e  
spec im en .  The sp ec im en ,  w h ich  i s  a r o d  o f  th e  m a t e r i a l  under  
i n v e s t i g a t i o n ,  i s  lo w e re d  i n t o  th e  to p  o f  a v e r t i c a l  tu b e  fu r n a c e .  
As th e  spec im en  e n t e r s  th e  h o t  zone i t  b e g in s  t o  m e l t .  F u r t h e r  
movement a l l o w s  more o f  th e  specim en  t o  m e lt  and e v e n t u a l l y  a 
p o i n t  i s  r e a c h e d  w here  th e  spec im en  t i p  i s  b e g in n in g  t o  c o o l  
b e c a u s e  i t  h a s  r e a c h e d  th e  s t a r t  o f  th e  d e s c e n d in g  t e m p e ra tu re  
g r a d i e n t .  When th e  t i p  i s  c o o l e d  t o  b e lo w  th e  l i q u i d u s  
te m p e ra tu re  some s o l i d  m a t e r i a l  b e g in s  t o  fo rm , and as  th e  
e x p e r im e n t  p r o c e e d s  more and more s o l i d  fo rm s u n t i l  we re a c h  th e  
p o s i t i o n  w h ich  th e  spec im en  i s  t o  b e  quenched  from . A t  t h i s  p o in t  
th e  specim en  c o n t a in s  a f u l l y  s o l i d  zo n e ,  a mushy zone and a
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O P E R A T I N G  S E Q U E N C E  F O R  P R O D U C I N G  S P E C I M E N  
W H I C H  R E P R E S E N T S  C O M P L E T E  A L L O Y  F R E E Z I N G  R A N G E
F i g o  3 . 1 S c h e m a t i c  D ia g r a m  o f  a  QDS E x p e r im e n t
l i q u i d  zone, shown in  F i g u r e  3 .2  ( t ak en  from r e f  48 , P i t t ) .  The 
specim en i s  then  quenched  i n t o  a s u i t a b l e  f l u i d .
3 .2 .2  The A p p a ra tu s
The fu rn a c e  u sed  f o r  t h i s  programme o f  work was d e s ig n e d  and b u i l t  
to  meet a p e r fo rm an ce  s p e c i f i e d  by  the  a u t h o r .  T h is  s p e c i f i c a t i o n  
r e q u i r e d  t h a t  a t e m p e ra tu re  g r a d i e n t  o f  200°C s h o u ld  be  
m a in t a in a b le  o v e r  a l e n g t h  o f  150mm w i t h  a maximum o p e r a t in g  
t e m p e ra tu re  o f  1600°C .
The d e s ig n  a c c e p te d  and s u b s e q u e n t ly  b u i l t  i s  a th r e e  zone  
v e r t i c a l  tu b e  fu r n a c e  (F i g u r e s  3 . 3 ,  3 . 4 ) .  H e a t in g  i s  p r o v id e d  by  
th r e e  zones  o f  s i x  s i l i c o n  c a r b i d e  e lem en ts  r a t e d  a t  1650°C 
maximum t e m p e ra tu r e .  The te m p e ra tu re  c o n t r o l  i s  p r o v id e d  by  th r e e  
'E u ro th e rm ' t h r e e  term  c o n t r o l l e r s  w i t h  the  top  and bo ttom  zones  
b e in g  s l a v e d  o f f  th e  c e n t r e  zo n e .  A Eurotherm  programmer was  
l a t e r  added to  p r o v i d e  a c o n t r o l l e d  fu rn a c e  h e a t in g  and c o o l i n g  
r a t e  when r e q u i r e d .
The w o rk in g  tu b e  i s  a 50mm b o r e  m u l l i t e  tu b e  h e ld  in  p o s i t i o n  by  a  
bottom  p l a t e  i n c o r p o r a t i n g  an ' 0 '  r i n g  s e a l  c lam ped on to  th e  tu b e .  
The l o c a t i o n  i s  p r o v id e d  by  b o l t i n g  t h i s  p l a t e  t o  th e  u n d e r s id e  o f  
th e  fu rn a c e  b o x .  T h i s  m odu la r  typ e  o f  c o n s t r u c t i o n  a l l o w e d  
d i f f e r e n t  a t tach m en ts  to  be  f i t t e d  and d i f f e r e n t  fu r n a c e  tu b e s  to  
be  u sed  ( e g ,  a s t a i n l e s s  tu b e  f o r  e v a c u a te d  u sage  t o g e t h e r  w i th  a 
bottom  f i t t e d  vacuum pu m p ). The b a s e  p l a t e  u se d  i n  th e  QDS 
e x p e r im e n ts  a l l o w e d  th e  a ttach m en t  o f  a b r i n e  f i l l e d  quench v e s s e l
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s e p a r a t e d  from  the  main fu r n a c e  tu b e  by a s i n g l e  s h o t  a lum inium
f o i l  membrane.
An in t e r c h a n g e a b l e  to p  cap  system  was a l s o  u se d .  As s e t  up f o r  
QDS th e  cap was s e a l e d  o n to  th e  work t u b e ,  a g a in  by  'O '  r i n g s ,  
and was w a t e r  c o o l e d .  The c o o l i n g  was n e c e s s a ry  t o  p r o t e c t  the  
s e a l s  and to  f a c i l i t a t e  o p e r a t i o n .  In  QDS an i n e r t  a tm osphere
w i t h in  th e  work tu be  was m a in ta in e d  by  an a rg o n  f e e d  from  the
bottom  o f  th e  tu b e  to  th e  t o p .
Four  p la t in u m / p la t in u m  13% rhodium  th e rm ocou p le s  a r e  p r o v id e d  f o r  
c o n t r o l  p u r p o s e s ,  one each  m o n it o r in g  the  to p  and bottom  zones  o f  
the  fu r n a c e  and two th e  m id d le  z o n e . O f  the  two on th e  m id d le
zone one i s  u sed  a s  a  f e e d  t o  the  m aste r  c o n t r o l l e r  w h i l e  the  
o t h e r  i s  u sed  back ed  up a g a i n s t  th e  th e rm o co u p le s  in  th e  to p  and  
bottom  z o n e s .  Thus a d i f f e r e n t i a l  s i g n a l  i s  o b t a in e d  w h ich  i s  f e d  
t o  the  s l a v e  c o n t r o l l e r s  w h ich  s e t  th e  te m p e ra tu re s  f o r  th e  to p  
and bottom  z o n e s .
The o t h e r  m a jo r  p a r t  o f  th e  a p p a r a tu s  was the  specim en su s p e n s io n  
system . The m a jo r  re q u i r e m e n ts  o f  such a system  w ere  the  a b i l i t y  
to  p r o v id e  a s t r a i g h t  d ro p  o f  s u f f i c i e n t  l e n g t h  t o  a l l o w  th e  
specim en t o  t r a v e r s e  th e  r e q u i r e d  t e m p e ra tu re  g r a d i e n t ,  and t o  
make t h i s  t r a v e r s e  a t  a c o n s t a n t ,  known r a t e .  The m a jo r  
c o n s t r a i n t  was t h a t  th e  s u sp e n d in g  c a b l e  w ou ld  i t s e l f  be s u b j e c t e d  
to  th e  maximum te m p e ra tu re  re a c h e d  i n  th e  f u r n a c e .  F o r  t h i s  
r e a s o n  a  molybdenum p r im a ry  s u sp e n s io n  w i r e  was u s e d .  T h is  was  
lo w e re d  v i a  a f l e x i b l e  c a b l e  from  a drum d r i v e n  th ro u gh  a s t e p p e r
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m otor and g e a rb o x  pow ered  d i r e c t l y  from  th e  mains s u p p ly .  T h is  
was l a t e r  r e p l a c e d  by  a DC m otor and g e a rb o x  d r i v e n  from  a 
c o n s t a n t  ( a f t e r  s e t t i n g )  v o l t a g e  s u p p ly .  The o u tp u t  l e v e l  o f  t h i s  
s u p p ly  was v a r i a b l e  from  0 -3 0 v  th us  g i v i n g  a g r e a t e r  f l e x i b i l i t y  
o f  o p e r a t i o n .  The r e q u i r e d  d ro p  h e i g h t  was p r o v id e d  by  a 
s t r u c t u r e  s u p p o r te d  by  th e  fram e o f  th e  fu rn a c e  box  (and  commonly 
known as  th e  E i f f e l  T o w e r ! ) .
3 .2 .3  C om m iss ion ing  th e  F u rn ace  and D e v e lo p in g  the  E x p e r im e n ta l  Method
B e fo r e  t h i s  e x p e r im e n t a l  programme and fu rn a c e  c o n s t r u c t i o n  was  
i n i t i a t e d  some p r e l i m i n a r y  work was c a r r i e d  o u t  (48 ) . T h i s  work  
d em on stra ted  t h a t  i t  w ou ld  be  e a s i e r  t o  measure th e  e x p e r im e n ta l  
c o n d i t i o n s  i n  a r e s i s t a n c e  h e a te d  fu rn a c e  than  an i n d u c t i v e l y  
h e a te d  on e ,  a l th o u g h  an i n d u c t io n  fu rn a c e  le n d s  i t s e l f  to  
v e r s a t i l i t y  o f  o p e r a t i o n .  I t  a l s o  dem on stra ted  t h a t  c h o ic e  o f  
specim en s i z e  was im p o r t a n t .
The p r e l i m i n a r y  work  was c a r r i e d  o u t  u s in g  spec im ens o f  
a p p ro x im a te ly  2mm d ia m e te r  in  t h in  w a l l e d  a lum ina  t u b e s .  F i l l i n g  
th e  tu b e s  w i t h  m eta l  to  p r o v i d e  the  specimen was the  f i r s t  m a jo r  
h u r d l e .  The o b v io u s  specim en  form  to  u se  i s  w i r e .  However w i r e  
i s  v e ry  r a r e l y  p e r f e c t l y  s t r a i g h t  and t h i s  was found  t o  l e a d  to  
' b l o b b i n g  o f f 1 due t o  in a d e q u a te  l i q u i d  m e ta l  f e e d in g  d u r in g  
p r o c e s s i n g .  The r e s u l t i n g  specim en c o n s i s t e d  o f  s e v e r a l  p i e c e s  
w it h  rounded  ends s e p a r a t e d  by  v a r i a b l e  gap s  i n s t e a d  o f  one  
co n t in u o u s  l e n g t h .  The a l t e r n a t i v e  o f  su ck in g  l i q u i d  m eta l  up th e  
tu b e s  was n o t  s e r i o u s l y  c o n s id e r e d .
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C o n se q u e n t ly  the  programme d e s c r i b e d  h e re  used  spec im ens in  th e  
form  o f  ro d s  o f  4.5mm d ia m e t e r .  These  ro d s  w ere  n o rm a l ly  p ro d u ced  
from  swaged and g round  m a t e r i a l .  They w ou ld  be  v e r y  c l o s e l y  
t a i l o r e d  to  f i t  th e  r e c r y s t a l l i s e d  a lum ina  tu b e s  u sed  as  c r u c i b l e s  
and overcam e the  ' b l o b b i n g '  p ro b lem  a p a r t  from  i s o l a t e d  i n s t a n c e s .  
The specim ens w ere  o f  th e  o r d e r  o f  290mm lo n g  b e f o r e  r e m e l t in g .
As the  fu rn a c e  was b ra n d  new and o f  an u n f a m i l i a r  d e s i g n  i t  was  
n e c e s s a r y  to  c a r r y  o u t  a c e r t a i n  amount o f  work t o  a s c e r t a i n  i t s  
p e r fo rm a n c e ,  and to  d e v e lo p  th e  e x p e r im e n ta l  p r o c e d u r e .  Because  
i t  was e n v i s a g e d  a s  h a v in g  w id e r  a p p l i c a b i l i t y  then  the  s tu dy  
r e p o r t e d  h e re  s e v e r a l  m a t e r i a l s  w ere  u sed  i n  th e s e  s t u d i e s .  
I n i t i a l l y  i t  was e s t a b l i s h e d  t h a t  s u i t a b l e  t e m p e ra tu re  g r a d i e n t s  
c o u ld  b e  s e t  up (F i g u r e  3 .5 )  by  u s in g  a m e ta l  sh ea th ed
th e rm ocoup le  (P t/P t -13%  Rh) t r a v e r s e d  th ro u gh  th e  g r a d i e n t  i n s i d e  
a c r u c i b l e  as  u sed  f o r  th e  e x p e r im e n t s .  T h is  ty p e  o f  run  was then  
r e p e a t e d  t o  o b t a in  c o n f id e n c e  t h a t  the  fu rn a c e  w ou ld  rem ain  s t a b l e  
th ro u g h o u t  a w o rk in g  day and t h a t  th e  g r a d i e n t s  w ou ld  be
r e p e a t a b l e  from  day  t o  d ay .  I t  was found  t h a t  o v e r  a f u l l  day a t  
t e m p e ra tu re  th e r e  was s l i g h t  tendency  f o r  the  g r a d i e n t  t o  f l a t t e n  
o u t ,  a l th o u g h  th e  e f f e c t  was n e g l i g i b l e  o v e r  s h o r t e r  p e r i o d s .
T h e r e fo r e  i f  a f u l l  day  was sp en t  p ro d u c in g  spec im ens  a t  l e a s t  two
o f  th e se  c a l i b r a t i o n  run s  w e re  c a r r i e d  o u t .  F u r t h e r  c a l i b r a t i o n  
work u s in g  p u re  n i c k e l  i n d i c a t e d  the  a b s o lu t e  te m p e ra tu re s  
r e c o r d e d  w i t h in  a c r u c i b l e  w e re  a c c u r a t e  t o  ±3 °C  (95% c o n f id e n c e  
l i m i t ) .
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Amongst m inor p ro b le m s  t h a t  t h i s  com m iss ion ing  p e r i o d  showed up 
was t h a t  the  e x p e r i m e n t a l / c a l i b r a t i o n  therm ocoup le  was p ro n e  t o  
e l e c t r i c a l  n o i s e  p i c k  up , and in d eed  t h a t  enough v o l t a g e  was  
p r e s e n t  to  g i v e  th e  o p e r a t o r  an a p p r e c i a b l e  sh ock .  The p rob lem  
was s im p ly  s o l v e d  by  e a r t h i n g  the  m eta l  sh ea th  o f  t h i s  item .
B ecause  o f  th e  l e s s o n s  l e a r n e d  in  d e v e lo p in g  t h i s  t e c h n iq u e  i t  i s  
w o r th w h i le  s e t t i n g  down th e  method o f  c o n d u c t in g  a QDS e x p e r im e n t :
a ) S e t  th e  fu r n a c e  u p ,  i e  make s u r e  the  i n e r t  g a s  and the  c o o l i n g
w a te r  a r e  f l o w i n g ,  check  t h a t  the  quench v e s s e l  and f o i l  
membrane a r e  p r e s e n t  (and  f u l l  and undamaged a s  a p p r o p r i a t e ) , 
e n su re  t h a t  th e  to p  cap  'O '  r i n g  i s  in  s e r v i c e a b l e  c o n d i t i o n ,  
s e t  th e  fu rn a c e  c o n t r o l s  and l o w e r in g  d e v ic e  c o n t r o l s  to  th e  
r e q u i r e d  l e v e l s . S w itc h  on th e  power to  th e  fu r n a c e  and l e a v e  
to  e q u i l i b r i a t e  f o r  a t  l e a s t  30 rains a f t e r  i t  f i r s t  r e a c h e s  
th e  s e t  t e m p e r a t u r e .
b )  P r e p a r e  th e  specim en  and f i t  i t  t o  th e  c r u c i b l e .
c )  When the  fu r n a c e  i s  a t  t e m p e ra tu re  c a r r y  o u t  th e  c a l i b r a t i o n
run  by lo w e r in g  the  th e rm o c o u p le ,  in  i t s  c r u c i b l e ,  th ro u gh  th e
g r a d i e n t .  A f t e r  t h i s  run  th e  a p p r o p r i a t e  d rop  t im e o r  
d i s t a n c e  may be  c a l c u l a t e d  from  th e  d a t a  o b t a in e d .
d ) C a r r y  o u t  th e  e x p e r im e n t a l  run  c h eck in g  the  l o w e r in g  v e l o c i t y  
d u r in g  th e  ru n .  A t  th e  a p p r o p r i a t e  and known p o i n t ,  quench  
th e  spec im en .
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spec im ens  have  been  p r o d u c e d ) .
The e x p e r im e n ta l  c o n d i t i o n s  u sed  in  t h i s  work a r e  shown in
T a b le  3 .2 .
3 .2 .4  Specimen A n a l y s i s
T h i s  s tu d y  i s  i n t e r e s t e d  i n  th e  deve lopm ent o f  th e  m ic r o s t r u c t u r e  
o f  th e  a l l o y s  and how t h e i r  c h e m is t ry  a f f e c t s  t h i s .  T h e r e f o r e  th e
f i r s t  o b j e c t i v e  was t o  c o r r e l a t e  a p o s i t i o n  on th e  specim en to  a
te m p e ra tu r e .  T h is  was e a s i l y  a cc o m p l ish e d  b e c a u s e  t h e r e  i s  a 
known specim en v e l o c i t y  (and  an i m p l i c i t l y  assumed c r y s t a l  g row th  
v e l o c i t y )  c o u p le d  w i t h  a known te m p e ra tu re / t im e  p r o f i l e  from  the  
c a l i b r a t i o n  ru n .
The i n i t i a l  a n a l y s i s  o f  th e  specim en was m e t a l l o g r a p h i c . A 
l o n g i t u d i n a l  s e c t i o n  was p o l i s h e d  and e tch ed  e l e c t r o l y t i c a l l y  w i th  
10% o x a l i c  a c i d  t o  h i g h l i g h t  th e  c a s t  s t r u c t u r e  (F i g u r e  3 . 6 ) .  The 
s e c t i o n  was then  su rv e y e d  and th e  te m p e ra tu re  o f  th e  l i q u i d u s , 
s o l i d u s  and any in t e r m e d ia t e  f e a t u r e s  w ere  n o te d .  The s t r u c t u r e  
was r e c o rd e d  p h o t o g r a p h i c a l l y .
The l o n g i t u d i n a l  s e c t i o n  a l l o w e d  ch em ica l  a n a l y s i s  by  EPMA 
( e l e c t r o n  p ro b e  m i c r o a n a l y s i s )  t o  be  c a r r i e d  ou t  a t  any  
t e m p e ra tu re  o f  i n t e r e s t .  The Cameca in s t ru m en t  u sed  i s  c a p a b le  o f  
a s p a t i a l  r e s o l u t i o n  o f  a p p ro x im a te ly  l|im. Thus i t  was g e n e r a l l y  
p o s s i b l e  t o  o b t a i n  a n a l y s i s  o f  a l l  th e  p h a s e s  p r e s e n t ,  o r  
a p p a r e n t ly  p r e s e n t ,  down to  v e r y  s m a l l  l i q u i d  f r a c t i o n s .  W ith  
c a r e  even  the  s m a l l e s t  l i q u i d  p o o l s  v i s i b l e  in  th e  o p t i c a l
e )  I f  n e c e s s a ry  r e p e a t  th e  c a l i b r a t i o n  run ( i e ,  i f  tw o o r  more
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TABLE 3 .2
EXPERIMENTAL CONDITIONS FOR QDS
Specim en: S t r a i g h t  r o d ,  4 .5  mm d ia m e te r  and a p p ro x im a te ly  290 mm lo n g
A tm osphere :  S lo w ly  f l o w i n g  A rgon
a )  S low  c o o l
A l l o y s  B ,C  A l l o y s  A , E, F A l l o y  D
G r a d ie n t  Top Temp ( °C )  1 4 85 ,  1483 14 8 5 ,  1482 1496
G r a d ie n t  Base  Temp ( °C )  13 02 ,  1313 1313 ,  1315 1327
G r a d ie n t  ( °C  mm 1 ) 0 . 6 1 2 ,  0 . 5 9 4  0 . 6 1 4 ,  0 . 6 0 4 0 . 6 7 2
- 1
Drop Speed (mms ) 0 .265 0.255 0 . 2 6 3
C o o l in g  R ate  ( °C  s ” 1 ) 0 . 1 6 2 ,  0 . 1 5 7  0 . 1 5 7 ,  0 . 1 5 4 0 .176
b )  F a s t  C o o l
A l l o y s  B ,C  A l l o y  A A l l o y  D
G r a d ie n t  Top Temp ( °C )  1497 1510 1510
G r a d ie n t  Base  Temp ( °C )  1313 1298 1298
- 1
G r a d ie n t  ( °C  mm ) 0 .628 0 . 7 0 5 0 . 7 0 5
Drop  Speed  (mm S ) 2 .46 2 . 4 6 2 .46
C o o l in g  R ate  ( °C  S 1 ) 1 .54 1 .73 1 . 7 3
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m ic ro sco p e  w ere  c a p a b le  o f  b e in g  a n a ly s e d ,  and in  some c a s e s  
s u b - s o l i d u s  second  p h a se s  w ere  i n v e s t i g a t e d .
The f i n a l  m i c r o s t r u c t u r a l  a n a l y s i s  to  be  c a r r i e d  o u t  on th e  
l o n g i t u d i n a l  s e c t i o n  was th e  measurement o f  th e  ph ase  volume  
f r a c t i o n s .  T h i s  was p e r fo rm e d  u s in g  an IBAS image a n a l y s i s  
system . T h is  p a r t i c u l a r  system  i s  a p o w e r fu l  s o f t w a r e  c o n t r o l l e d  
system . I t  a l l o w s  th e  u s e r  t o  b u i l d  up an a n a l y s i s  programme w hich  
w i l l  a u t o m a t i c a l l y  enhance th e  c o n t r a s t  o f  th e  image c o l l e c t e d  by  
the  t e l e v i s i o n  in p u t ,  and then  m easure  s e v e r a l  p r e v i o u s l y  d e f i n e d  
p a ra m e te r s .  I t  i s ,  o f  c o u r s e ,  p o s s i b l e  to  u se  a m ix tu re  o f  manual  
and com puter c o n t r o l  t o  d e f i n e  th e  a r e a s  to  b e  m easured  and t h i s  
o p t io n  was e x e r c i s e d  b e c a u s e  o f  th e  c o m p le x i ty  o f  th e  s t r u c t u r e s  
p r o d u c e d .
3 .3  O th e r  E x p e r im en ts
3 .3 .1  W e ld  C ra c k in g  T e s t s
The m a jo r  p ro b le m  in  a p p ly in g  th e  r e s u l t s  o f  t h i s  s tu d y  to  r e a l  
s i t u a t i o n s  i s  th e  l a c k  o f  c r o s s  r e f e r e n c i n g  o f  QDS d a t a  t o  w e ld s  
c a r r i e d  o u t  in  th e  same m a t e r i a l s .  F o r  t h i s  r e a s o n  some w e ld  
t e s t i n g  was h e l d  t o  be  e s s e n t i a l .  I t  was d e c id e d  t o  c a r r y  o u t  the  
t e s t  by  a ' V a r e s t r a i n t *  type  method (28 ) . The t e s t  was c a r r i e d  
o u t  on 5mm p l a t e  a t  an augmented s t r a i n  o f  2%. The t o o l i n g  
(A ppen d ix  1 and F i g u r e  3 .7 )  was b u i l t  on to  a pneum atic  p r e s s  to  
p r o v id e  the  l o a d ,  and th e  w e ld  b e a d  was p rod u ced  by  a manual TIG  
(T un gsten  I n e r t  Gas ) method u n der  c o n d i t i o n s  o u t l i n e d  in
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F i g .  3 . 7 .  V a r e s t r a i n t  T e s t  A p p a r a t u s
T a b le  3 .3 .  M a t e r i a l  s c a r c i t y  s e v e r e l y  l i m i t e d  the  number o f  t e s t s  
p o s s i b l e .
I t  i s  u s e f u l  t o  d e s c r i b e  some o f  th e  r e a s o n s  t o r  th e  t o o l i n g  
d e s i g n .  The bend  b l o c k  i s  i n t e g r a l  w ith  the  specim en mounting and 
c lam p in g  a r ran gem en t .  T h i s  i s  p u r e l y  f o r  e a s e  o f  m a n u fa c tu re .  
The ex ten d ed  b a s e  p l a t e  a l l o w e d  s im p le  c lam p in g  to  the  p r e s s  t o o l  
t a b l e .  The lo a d  i s  a p p l i e d  v i a  th e  c i r c u l a r  b a r .  T h is  b a r  a c t s  
as  a r o l l e r  and th e  l o a d  i s  th u s  e v e n ly  t r a n s m i t t e d  even  as  th e  
c o n t a c t  a n g le  w i t h  th e  specim en changes  d u r in g  b e n d in g .  I t  a l s o  
v a s t l y ,  i n c r e a s e s  th e  c o n t a c t  a r e a  o f  a c o n v e n t io n a l  p r e s s  ram. 
The l o a d in g  b a r  i s  ru n n in g  in  two l o c a t i n g  s l o t s  w h ich  g i v e  a 
m inor a d v a n ta g e  i n  t h a t  th ey  a l l o w  the  c o u p l in g  b e tw een  th e  ram 
and the  b a r  to  b e  e n t i r e l y  f r i c t i o n a l .  H owever, th e  m a jo r  r e a s o n  
f o r  t h e i r  p r e s e n c e  i s  t o  p r o v i d e  su p p o r t  a g a i n s t  th e  h o r i z o n t a l  
l o a d s  p ro d u ced  on th e  ram d u r in g  th e  b e n d in g  o p e r a t i o n .  As the  
b e n d in g  p ro c e e d s  th e  l i n e  o f  a c t i o n  o f  the  b e n d in g  f o r c e  tu r n s  
th ro u gh  a p p ro x im a te ly  45° (w h i l e  re m a in in g  p e r p e n d i c u l a r  t o  the  
specim en s u r f a c e ) . Thus s i g n i f i c a n t  h o r i z o n t a l  l o a d s  a r e  p rod u ced  
w h ich  th e  v e r t i c a l l y  a c t i n g  p r e s s  i s  no t  d e s ig n e d  t o  t a k e .  To 
remove any p o s s i b i l i t y  o f  damage to  the  p r e s s  the  l o a d  b e a r i n g  b a r  
g u id e s  w ere  in t r o d u c e d .
3 .3 .2  D i f f e r e n t i a l  Therm al A n a l y s i s
Some DTA was a t tem p ted  b u t  th e  r e s u l t s  o b t a in e d  w ere  n o t  
r e p e a t a b l e .  The d i f f i c u l t y  o f  o b t a i n i n g  s m a l l  sam p les  (=80mg) 
w hich  c o u ld  be  a d e q u a t e ly  packed  in t o  the  v e ry  s m a l l  c r u c i b l e s
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TABLE 3 .3
CONDITIONS USED FOR THE VARESTRAINT TESTING
Load  ( i n d i c a t e d  on p r e s s )  ton n es
W eld  C u r r e n t  -  90A
W eld  V o l t a g e  -  18v
S h i e l d i n g  Gas -  A rgon
u sed  was overcome by u s in g  s m a l l  p i e c e s  o f  machined r o d ,  b u t  even  
t h i s  d i d  no t  e l im in a t e  s p u r i o u s  r e a d i n g s .  The te c h n iq u e  needed  
much more t im e than  was a v a i l a b l e  to  be  d e v e lo p e d  i n t o  a f u l l y  
u s a b l e  s t a t e .
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4. RESULTS
4 .1  Therm al P r o p e r t i e s
4 .1 . 1  S low  C o o le d  Specim ens
The l i q u i d u s ,  s o l i d u s  and ph ase  t r a n s i t i o n  t e m p e ra tu re  a r e
summarised in  T a b le  4 . 1 .  These  d a t a  show some s l i g h t  v a r i a t i o n  in
the  p h ase  r e l a t i o n s h i p  a c r o s s  th e  316 s p e c i f i c a t i o n .  They
p a r t i c u l a r l y  show t h a t  th e  m inor  e le m e n t s , e s p e c i a l l y  th o se
n o rm a l ly  r e g a r d e d  as  h a rm fu l  ( i e  S and P ) , can p l a y  a m a jo r  r o l e
in  d e t e rm in in g  th e  m agn itude  o f  th e  f r e e z i n g  r a n g e .  I f  we
c o n s id e r  th e  d e g r e e  o f  a l l o y i n g  to  be  e x p r e s s e d  by  th e  sum o f  th e
C r and N i  ( s e e  T a b le  5 .3 )  then  the  l e a n e s t  a l l o y  (D) e x h i b i t s  
eq  eq
th e  h i g h e s t  l i q u i d u s ,  and th e  n e x t  l e a n e s t  a l l o y  (A ) shows th e  
second  h i g h e s t  l i q u i d u s .  The o t h e r  a l l o y s  a r e  v e r y  c l o s e  in  
d e g r e e  o f  a l l o y i n g  and i t  a p p e a r s  t h a t  s e co n d a ry  e f f e c t s  a r e  
d e te rm in in g  th e  d i f f e r e n c e  in  l i q u i d u s  t e m p e ra tu re  b e tw een  them. 
F o r  exam ple a l l o y  B h as  a t o t a l  a l l o y i n g  c o n te n t  o f  35.71% w h ich  
w ou ld  l e a d  one t o  e x p e c t  a c o m p a r a t iv e ly  low  l i q u i d u s  when 
compared w i t h  a l l o y  C. However th e  s u lp h u r  and phosph o rou s  
co n te n t  o f  t h i s  a l l o y  i s  low  in  com parison  w i t h  a l l o y s  C and E 
which  s u g g e s t s  t h a t  th e  h i g h e r  l e v e l s  o f  t h e s e  e lem en ts  in  th e  
l a t t e r  a l l o y s  may be  in s t r u m e n t a l  in  r e d u c in g  t h e i r  l i q u i d i .
The a l l o y  s o l i d i  and hence th e  f r e e z i n g  r a n g e s  a r e  more s e n s i t i v e  
to  th e  s u lp h u r  and p h o sp h o ro u s  c o n t e n t s .  The a l l o y s  w i t h  a 
r e l a t i v e l y  h ig h  p r o p o r t i o n  o f  t h e s e  e lem en ts  (A and E) show th e
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TABLE 4 .1
THERMAL RESULTS FROM SLOW COOLED QDS EXPERIMENTS
ALLOY LIQUIDUS TRANSITION
°C °C
A 1443 1417
B 1442 1419
C 1435 1427
D 1457 1442
E 1436 1425
F 1440 1427
SOLIDUS FREEZING RANGE 
°C______________ _____________________
1364 79
1390 52
1379 56
1408 49
1374 62
1404 36
l o w e s t  s o l i d i  and th e  l o n g e s t  f r e e z i n g  r a n g e s .  T h is  i s  
a t t r i b u t a b l e  to  th e  h ig h  c o n c e n t r a t i o n s  o f  th e  e lem en ts  i n  the  
f i n a l  l i q u i d  c a u s in g  l o c a l  f r e e z i n g  p o in t  d e p r e s s i o n .  The o t h e r  
n o t i c e a b l e  a s p e c t  o f  t h i s  d a t a  i s  th e  f r e e z i n g  ra n g e  o f  a l l o y  F.  
T h is  i s  p o s s i b l y  e x p l i c a b l e  by  r e f e r e n c e  t o  a F e - C r - N i  t e r n a r y  
p hase  d ia g ram  (F i g u r e  4 . 1 ) .  I t  i s  seen  t h a t  t h i s  a l l o y  i s  v e ry  
c l o s e  t o  th e  e u t e c t i c  v a l l e y  and th us  the  l i q u i d u s  i s  n o t  f a r  
above  t h a t  e u t e c t i c  t e m p e ra tu r e .  S i m i l a r l y  a l l o y  A i s  f u r t h e r  
from  the  v a l l e y  w h ich  g i v e s  a f u r t h e r  c lu e  as  t o  why i t  i s  show ing  
such  a w id e  f r e e z i n g  r a n g e .
The t r a n s i t i o n  te m p e ra tu re  has  been  d e f i n e d  h e r e  by th e  f i r s t  
n o t i c e a b l e  a p p ea ran ce  o f  th e  a u s t e n i t e  p h a se .  When th e  f e r r i t i c  
i n t e r v a l  i s  p l o t t e d  a g a i n s t  th e  C r e(J: N3-eq  r a t i °  t h e r e  a p p e a r s  to  
be  some c o r r e l a t i o n  be tw een  th e  tw o ,  a l th o u g h  a l l o y  B d e v i a t e s  
from  th e  e x p e c te d  r e l a t i o n s h i p .  I t  i s  n o t  c l e a r  i f  the  r e l a t i o n  
i s  s t r a i g h t  o r  c u rv e d  a s  r e a s o n a b l e  f i t s  f o r  b o th  c o u ld  be
p ro d u c e d .  The b e h a v io u r  o f  a l l o y  B ( i e  lo n g  f e r r i t i c  i n t e r v a l  and
lo w  e q u iv a le n c e  r a t i o )  i s  a lm o s t  o p p o s i t e  t o  t h a t  o f  th e  o t h e r  
a l l o y s  where a lo n g  f e r r i t i c  i n t e r v a l  goes  w i t h  a h ig h  e q u iv a le n c e  
r a t i o .  A c c o rd in g  t o  th e  S u u t a la  e t  a l  work ( 3 , 4 , 5 )  a l l o y  C sh o u ld  
be  s o l i d i f y i n g  a u s t e n i t i c a l l y .
4 . 1 . 2  F a s t  C o o led  Specim ens
The f a s t e r  c o o le d  spec im ens a p p e a r  t o  e x h i b i t  a d e p r e s s i o n  in
l i q u i d u s ,  t r a n s i t i o n  and s o l i d u s  t e m p e ra tu r e s ,  s u f f i c i e n t  t o
remove th e  s o l i d u s  from  th e  quenched  spec im en s . T h i s  d e p r e s s i o n
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e x i s t e d  a f t e r  c o r r e c t i o n s  f o r  th e  specim ens s lo w  r e s p o n s e  to  
t e m p e ra tu re  ch anges  -  t h i s  i s  d i s c u s s e d  more f u l l y  l a t e r  ( s e e  p a r a  
5 . 1 ) .  These  d e p r e s s i o n s  a r e  n o t  c o n s i s t e n t  b e tw een  the  a l l o y s .  
The new l i q u i d i ,  t r a n s i t i o n  t e m p e ra tu re s  and d e p r e s s i o n s  a r e  g iv e n  
i n  T a b le  4 . 2 .  The l i q u i d u s  d e p r e s s i o n  v a r i e s  from  20 deg  C ( a l l o y  
A) t o  50 deg  C ( a l l o y  D ) . The c o r r e c t e d  f i g u r e s  have  u sed  th e  
a v e r a g e  o f  th e  a i r  s c r e e n e d  and a lu m in a  s c re e n e d  c a l i b r a t i o n s  a s  a 
g u e s s  as  t o  where  a m e ta l  s c r e e n e d  specim en w ou ld  l i e .
4 .1 .3  E r r o r s
A p r e v i o u s  c h a p t e r  h as  d i s c u s s e d  the  p r o d u c t io n  o f  th e  specim en  
and th e  p r o c e s s e s  i n v o lv e d  in  r e l a t i n g  the  specim en  t o  a m easured  
t e m p e ra tu re  g r a d i e n t .  T h i s  d i s c u s s i o n  w i l l  a t tem p t  t o  p l a c e  some 
s i g n i f i c a n c e  on th e  te m p e ra tu re s  p r e s e n t e d  h e r e .
The f i g u r e s  t a b u l a t e d  have  b een  o b t a in e d  from  th e  s o l i d i f i e d  
m i c r o s t r u c t u r e s  by  measurement o f  a p o s i t i o n  w i t h in  t h a t  
m ic r o s t r u c t u r e  w i t h  r e f e r e n c e  t o  a known p o in t  (n o r m a l ly  the  b a s e  
o f  th e  s p e c im e n ) . T h is  r e f e r e n c e  p o in t  h a s  p r e v i o u s l y  been  
r e l a t e d  t o  a p o i n t  on th e  te m p e ra tu re  v  d i s t a n c e  c u rv e  p l o t t e d  f o r  
the  s o l i d i f i c a t i o n  e x p e r im e n t .  Thus a d i s t a n c e  m easured  on a  
specim en can  b e  r e l a t e d  t o  a t e m p e ra tu re .  F o r  c o n v en ien ce  th e  
f u l l  spec im ens ( a p p r o x im a t e ly  25 cms lo n g  a f t e r  q u e n c h in g )  w ere  
c u t  in t o  s e v e r a l  s m a l l e r  p i e c e s .  Thus i t  was n e c e s s a r y  to  know  
how much m a t e r i a l  was l o s t  in  a c u t ,  and t h i s  m a t e r i a l  l o s s  was  
dependant on th e  method o f  c u t t i n g  u sed .
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TABLE 4 .2
THERMAL RESULTS FROM FAST COOLED QDS EXPERIMENTS
ALLOY LIQUIDUS DEPRESSION
°C °C
TRANSITION
°C
DEPRESSION
°C
A 1416 27 1371 46
1420 22 1371 48
1414 2 1 1378 49
1397 60 1385 57
T y p i c a l l y  a hacksaw  c a u se d  a 1 mm l o s s  in  l e n g t h  and a diamond  
w h ee l  2 mm. These  f i g u r e s  w ere  o b t a in e d  by  m easu r in g  the  c u t  and  
uncut l e n g t h s  o f  th e  sp ec im en s .  The cu t  p i e c e s  w ere  m easured  to  
th e  n e a r e s t  h a l f  m i l l i m e t r e ,  t h i s  r e p r e s e n t in g  an a c c u ra c y  o f  
betw een  2% and 2.5% on c u t  p i e c e  l e n g t h s  o f  20 -25  mm. The e x a c t  
p o s i t i o n  b e in g  m easured  was l o c a t e d  in  th e  c e n t r e  o f  th e  
m ic ro sc o p e  f i e l d  o f  v i e w ,  and i t s  p o s i t i o n  from  the  end o f  a p i e c e  
o f  specim en m easured  to  0 .1  mm u s in g  the  m ic ro sco p e  s t a g e  v e r n i e r  
(0 .4% t o  0.5% o f  th e  ra n g e  q u o ted  a b o v e ) .  The edge o f  the  
specim en was u sed  a s  a r e f e r e n c e  t o  e n su re  t h a t  th e  d i s t a n c e  
t r a v e l l e d  was n o t  a d i a g o n a l  o f  th e  specim en and th e  m easu r in g  
p o s i t i o n  was a lw a y s  ap p ro ach ed  from  th e  same d i r e c t i o n  to  a v o id  
any e f f e c t s  from  b a c k l a s h  i n  th e  s t a g e  t r a v e r s i n g  mechanism.
The s t a t i s t i c a l  t r e a tm e n t  o f  th e  t e m p e ra tu re s  o b t a in e d  i s  much 
l e s s  o b v io u s .  N o m in a l ly  two v a lu e s  o f  each  r e a d in g  a r e  a v a i l a b l e  
w h ich  makes any s t a t i s t i c a l  t r e a tm e n t  u n r e l i a b l e  -  o r  l e a d s  t o  
u n b e l i e v a b l y  l a r g e  e r r o r  e s t im a t e s .  The d a t a  p r e s e n t e d  a r e  the  
a v e r a g e  o f  th e  two spec im ens m easu red ,  b u t  each  specim en p o s i t i o n  
was checked  s e v e r a l  t im e s .  So th e  d a t a  p r e s e n t e d  i n  T a b le  4 .1  i s  
t r u l y  a r e s u l t  t h a t  h as  been  a v e r a g e d  t w ic e  -  and hence r e p r e s e n t s  
a p o p u la t i o n  o f  more than  two r e a d i n g s .  T h is  w i l l  m arked ly  a f f e c t  
th e  s t a t i s t i c s .
S ta n d a rd  methods w ere  u sed  t o  c a l c u l a t e  the  s t a n d a r d  d e v i a t i o n  and 
thus  the  s t a n d a r d  e r r o r  f o r  th e  d a t a  ( r e f  47 -  w h ich  c o n t a in s  a l l  
th e  s t a t i s t i c a l  in fo r m a t io n  u sed  in  t h i s  d i s c u s s i o n ) . The 
s ta n d a rd  d e v i a t i o n ,  d , i s  g i v e n  by
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and V = £  ( x - a )  2 -  [ £  ( x - a )  ]*/N
N - l
where  a i s  th e  f i r s t  d a t a  p o i n t  r e a d ,  x r e p r e s e n t s  the  su b seq u en t  
d a t a  p o in t s  and N i s  th e  number o f  p o i n t s .
The mean o f  th e  d a t a  i s  g iv e n  by
T  = a + £ (x-a)/n
The s t a n d a rd  e r r o r  i s  then  g i v e n  by  <f/\/n«
T a b le  4 .3  c o n t a in s  th e  d a t a  and th e  s t a t i s t i c a l  v a l u e s  a s s o c i a t e d  
w it h  them.
A n o th e r  p a ra m e te r  a s s o c i a t e d  w i t h  the  s t a n d a rd  d e v i a t i o n  and e r r o r  
i s  th e  c o n f id e n c e  l i m i t  -  o r  the  p r o b a b i l i t y  t h a t  th e  t r u e  v a lu e  
l i e s  w i t h in  th e  l i m i t s  s e t .  F o r  a 95% c o n f id e n c e  l i m i t  the  l i m i t s  
a r e  s e t  by x ± 1 .96  <f / V n .  These  f i g u r e s  a r e  a l s o  c o n ta in e d  in  
T a b le  4 . 3 .  But b e c a u s e  th e  sam ple  i s  so  s m a l l  the  f i g u r e s  f o r  the  
s t a n d a rd  d e v i a t i o n  can o n ly  b e  r e g a r d e d  a s  an e s t im a t e .  In  t h i s  
c a se  th e  m u l t i p l i c a n d  i n  f r o n t  o f  <S changes  d r a m a t i c a l l y ,  and 
the  im portance  o f  th e  number o f  r e a d in g s  tak en  i s  shown.
w here V = v a r ia n c e  o f  th e  d a ta
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T A B L E  4 . 3
THERMAL RESULTS AND THE ERRORS ASSOCIATED WITH THEM
ALLOY PARAMETER
meas
1.96*7
\7n
( 1 )
n
( 1 )
Vi S td  E r r o r
(2)
A L i q .
8 -y
S o l .
1442 .5
1413 .5
1363 .5
2 . 1 2 1  
2 . 1 2 1  
0 .7071
2 .9
2 .9  
1 . 0
19.2
19 .2
6 . 2
1 .5
1 .5  
0 .5
L i q .
5 -V
S o l .
1441 .5
1419
1390
2 . 1 2 1  
4 .243  
1 .414
2 .9
5 .9  
2 . 0
19 .2
38 .1
12.7
1 .5
3 .0
1 . 0
L i q .
8 -V
S o l .
1435
1427
1378 .5
4 .243
2 .828
0.7071
5 .9
3 .9  
1 . 0
38 .1
25 .4
6 . 2
3 .0
2. 0  
0 .5
L i q .
s - y
S o l .
1457
1442
1408
4 .243
2 .828
2 .828
5 .9
3 .9
3 .9
38 .1
25.4
2 5 .4
3 .0
2. 0  
2 . 0
L i q .
<b-y
S o l .
1436
1425
1373.5
4 .243
0
2 . 1 2 1
5 .9  
0
2 .9
38 .1  
0
19 .2
3 .0
0
1 .5
L i q .
s - r
S o l .
1439.5
1426.5
1403 .5
0 .7071
0 .7071
0 .7071
1 . 0
1 . 0
1 . 0
6 . 2
6 . 2
6 . 2
0 .5
0 .5
0 .5
(1 )  C a l c u l a t e d  f o r  a 95% c o n f id e n c e  l i m i t
(2 )  S t a n d a rd  e r r o r  g i v e n  by
G e n e r a l l y  a c o n f id e n c e  l i m i t  i s  g i v e n  by
± uucT/ Vn
where u a i s  a p a ra m e te r  r e l a t e d  to  th e  p r o b a b i l i t y  o f  f i n d i n g  a 
r e a d in g  o u t s id e  th e  c o n f id e n c e  l i m i t s .  Ua  i s  g a in e d  from  
s t a t i s t i c a l  t a b l e s  and a i s  c a l c u l a t e d  from
f o r  a d o u b le  s i d e d  c o n f id e n c e  l i m i t  o f  C%, assum ing  a norm al  
d i s t r i b u t i o n  o f  d a t a .  In  th e  c a s e  o u t l i n e d  above  where  the  
s t a n d a rd  d e v i a t i o n  i s  m e re ly  an e s t im a t e ,  then  the  m u l t i p l i c a n d  i s  
s u b j e c t  t o  more e r r o r .  The c o n f id e n c e  l i m i t  i s  then  e x p r e s s e d  as
where  t tt r e p l a c e s  ua (and  i s  a l s o  o b t a in e d  from  t a b l e s )  and cr i s  
r e p l a c e d  by  s ,  th e  e s t im a t e  o f  <f . The v a l u e  o f  t  i s  v e r y  
dependan t  on th e  number o f  d e g r e e s  o f  freedom  a v a i l a b l e  a s  w e l l  as  
the  c o n f id e n c e  l i m i t .
The d e g r e e  o f  freedom  i s  n o rm a l ly  g iv e n  by n -1  ( i e  th e  number o f
in d ep en d en t  r e a d in g s  a v a i l a b l e )  and i s  d en o ted  by  ( f ) , o : i s  u sed  as
a b o v e .  The f o l l o w i n g  v a lu e s  i l l u s t r a t e  the  im po rtan ce  o f  sample
s i z e  f o r  95% c o n f id e n c e  l i m i t s  ( i e  a = 0 . 0 2 5 ) :
C = 1 0 0 ( l - 2 «  )
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<p t
oo 1 .96
20 2 .09
10 2 .23
5 2 .57
2 4 .30
1 12.71
Hence the  im portance  o f  m u l t i p l e  d a t a  i s  c l e a r l y  d e m o n st ra te d .
I t  i s  p o s s i b l e  to  t r e a t  th e  d i f f e r e n c e  be tw een  two mean v a lu e s  
s t a t i s t i c a l l y  and to  d e te rm in e  a v a lu e  f o r  an e r r o r  on the  
d i f f e r e n c e .
For  two means b a s e d  on n ^  and n , o b s e r v a t i o n s  w i t h  s t a n d a rd  
d e v i a t i o n s  O^  and , the  s t a n d a r d  e r r o r  o f  i s  g i v e n  by
SE -  V  -  < CT1 2/nl  + °2  2/n2 > ° ' 5
I f  (Jj -  (jg we have
SE (*x^ -  x 2 ) = <7 ( l / n 1 + l / n 2) ° * 5
So f o l l o w i n g  th e  n o t a t i o n  p r e v i o u s l y  u sed  th e  c o n f id e n c e  l i m i t s  
a r e
± Ua cr (l/n1 + 1/nf) 0 *5
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In  th e  d a t a  b e in g  c o n s id e r e d  h e re  no n o te  was taken  o f  n^ and n^ 
( i e  th e  number o f  t im es  th e  p o s i t i o n  -  o r  t e m p e ra tu re  -  was tak en  
on the  spec im en) and hence no s t a n d a r d  d e v i a t i o n  c a l c u l a t e d .  But  
i f  we assume the  f o l l o w i n g  spec im en  f i g u r e s  f o r  th e  l i q u i d u s  o f  
a l l o y  A:
Two r e a d in g s  
made from  (A)
1441 °C
1440
1441
1442
and 1444 °C 
and 1443
1444
1445
o r  (B) 1439
1441
1443
and 1442 
1444 
1446
(n o t in g  t h a t  each  d e g r e e  C e l s i u s  i s  r e p r e s e n t e d  by  a p p ro x im a te ly
1 .6  mm so  t h a t  such d a t a  p o p u l a t i o n s  a r e  e n t i r e l y  f e a s i b l e ) . We 
can e s t im a te  s t a n d a rd  d e v i a t i o n s  o f  1 in  th e  A c a se  and 2 in  th e  B 
c a s e .
N o t in g  t h a t  n^ = n2 = 3 we have  4 d e g r e e s  o f  f reedom
(a s  <j> = n^ + n -  2) and t h a t  we r e q u i r e  to  s u b s t i t u t e  ta f o r  u a  
a s  th e  s t a n d a rd  d e v i a t i o n s  q u o ted  can o n ly  b e  an e s t im a t e .
Hence th e  c o n f id e n c e  l i m i t  fo rm u la  becomes
-  44 -
V n
and f o r  a 95% l i m i t  w i th  I  = 4 t  = 2 .7 8 .
In  th e  A c a s e ,  t h e r e f o r e ,  th e  d i f f e r e n c e  be tw een  the  two r e a d in g s  
can be  e x p r e s s e d  as
3 ± 2 .78  (2 deg  C o r  3 ± 2 .27  deg  C
V a
In  the  B c a s e  the  d i f f e r e n c e  i s  3 ± 4 .5 4  deg  C
B ecause  the  a v e r a g e  o f  th e  two means can be  r e p r e s e n t e d  by
—  —  Jx” -  ~x7.x  = x + ( 1 2 )/2
th e se  e r r o r s  on th e  d i f f e r e n c e  can be  used  to  p u t  an e r r o r  on th e
a v e r a g e  q u o ted  as  the  f i n a l  p r o p e r t y .
In  the  A c a se  used  above  th e  a v e r a g e  can ran ge  from  + (0 .7 3 / 2 )
to  + (5 .2 7 / 2 )  i e  from  1441.3  t o  144 3 .7 ,  g i v i n g  a 95% c o n f id e n c e  
l i m i t  f o r  x o f  1442.5 ± 1 .2  °C
In  th e  B c a s e  u s in g  s i m i l a r  r e a s o n in g  we have  a 95% c o n f id e n c e
l i m i t  o f  1442.5  ± 2 .25  °C .
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I t  i s  seen  t h a t  e r r o r s  c a l c u l a t e d  on t h i s  b a s i s  a r e  com p arab le  to  
95% c o n f id e n c e  l i m i t s  c a l c u l a t e d  assum ing the  d i s t r i b u t i o n  o f  
r e a d in g s  i s  no rm a l.
4 .2  M i c r o s t r u c t u r e
P r e v io u s  s t u d i e s  such a s  t h a t  o f  S u u t a la  e t  a l  (4 )  have  found  t h a t  
the  316 s t e e l s  i n i t i a l l y  s o l i d i f y  a s  f e r r i t e  and t r a n s fo r m  to  
a u s t e n i t e  l a t e r  in  th e  c o o l i n g  c y c l e .  In  some c a s e s  some grow th  
o f  a u s t e n i t e  d i r e c t l y  from  the  m e lt  has  been  o b s e r v e d .  T h is  s tu d y  
h as  c o n f i rm e d  th e  f i r s t  o f  t h e s e  o b s e r v a t i o n s .  A l l o y  B w i l l  be  
u sed  as  an exam ple t o  b e  s t u d i e d  in  some d e t a i l .  F i g u r e  4 .3  
shows th e  s o l i d i f i c a t i o n  sequence  o f  t h i s  a l l o y .  T here  i s  an 
i n i t i a l  p r e c i p i t a t i o n  o f  5 -  f e r r i t e  w h ich  v e r y  r a p i d l y  f r e e z e s  
th e  b u lk  o f  th e  l i q u i d .  F o l l o w in g  t h i s  th e  s o l i d  f e r r i t e  b e g in s  
t o  t r a n s fo r m  to  a u s t e n i t e  and th e  r e m a in in g  l i q u i d  f r e e z e s  as  
a u s t e n i t e .  A f t e r  t h i s  t r a n s i t i o n  has  o c c u r r e d  the  f e r r i t e  i s  
g r a d u a l l y  consumed e v e n t u a l l y  l e a v i n g  a s m a l l  s k e l e t a l  r e s i d u e .  
However d u r in g  t h i s  t r a n s f o r m a t io n  . s t a g e  t h e r e  i s  s t i l l  l i q u i d  
p r e s e n t  and a t  th e  end o f  th e  s o l i d i f i c a t i o n  p r o c e s s  th e  f i n a l ,  
s m a l l  l i q u i d  p o o l s  a r e  a g a in  s o l i d i f y i n g  f e r r i t i c a l l y . Thus th e  
f i n a l  s o l i d i f i e d  m ic r o s t r u c t u r e  c o n s i s t s  o f  i s l a n d s  o f  f e r r i t e  
(w h ich  may have  a r i s e n  from  th e  f i n a l  l i q u i d  p o o l s  o r  from  the  
s k e l e t a l  r e s i d u e s  o f  th e  o r i g i n a l  d e n d r i t e s )  i n  an a u s t e n i t i c  
m a t r i x .
In  th e  c a se  d e s c r i b e d  above  th e  change from  f e r r i t i c  to  a u s t e n i t i c  
s o l i d i f i c a t i o n  o c c u r s  g r a d u a l l y .  The f i r s t  e v id e n c e  i s  the
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F i g .  4 . 3 .  T h e  S o l i d i f i c a t i o n  S e q u e n c e  o f  A l l o y  B
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% -r. it
L
o„
1 4 1 6  C
1 4 0 1 ° C
1 3 9 6 ° C
F i g ,  4 . 3 ,  c o n t .
ap p ea ran ce  o f  a b r i g h t  p h ase  on th e  m ic ro g ra p h .  S h o r t l y  a f t e r  
t h i s  th e  s o l i d  b e g in s  t o  t r a n s fo rm  and the  a u s t e n i t i c  f r a c t i o n  
g row s v e ry  r a p i d l y  th ro u gh  a  r e g i o n  r e p r e s e n t in g  a few  d e g r e e s  C. 
T h is  a p p e a r s  t o  be c h a r a c t e r i s t i c  o f  a l l o y s  B and C w h ich  have  a 
medium im p u r i ty  c o n t e n t .  D u r in g  the  p r e c i p i t a t i o n  o f  a u s t e n i t e  
from  the  l i q u i d  i t  was o b s e r v e d  t h a t  the  f e r r i t e  d e n d r i t e s  g a in e d  
a t h i n ,  c o n s i s t e n t  c o a t in g  t h a t  had the  a p p ea ran ce  o f  a u s t e n i t e  
( F i g u r e  4 . 4 ) .  I t  i s  th o u gh t  t h a t  t h i s  c o a t in g  i s  l i k e l y  to  be  an 
a r t e f a c t  in t r o d u c e d  d u r in g  th e  quench. The two ' c l e a n 1 a l l o y s ,  D 
and F ,  show a s h a r p e r  change be tw een  the  f e r r i t i c  and a u s t e n i t i c  
re g im e s  (F i g u r e  4 .5 )  and th e  r e m a in in g  two a l l o y s  (A and E) show a 
much more g r a d u a l  change than  d e s c r i b e d  above  (F i g u r e  4 . 6 ) .
P l o t s  o f  f r a c t i o n  l i q u i d  a g a i n s t  t e m p e ra tu re  g i v e  a more  
q u a n t i t a t i v e  i l l u s t r a t i o n  o f  th e  r e s u l t s  d i s c u s s e d  a b o v e .  The two  
h ig h  p hosphorus  c o n t a in in g  a l l o y s  (A and E) show lo n g  t a i l s  in  
t h e i r  f r a c t i o n  l i q u i d  a g a i n s t  t e m p e ra tu re  c u rv e s  ( F i g u r e s  4 .7  and 
4 . 8 ) ,  w h ich  c o r r e l a t e  w i t h  t h e i r  lo n g  f r e e z i n g  i n t e r v a l s .  A l l o y  A 
in  p a r t i c u l a r  shows a v e r y  r a p i d  b u i l d  up o f  s o l i d  w i th  the
s t r u c t u r e  c o n t a in in g  85% s o l i d  ( o r  15% l i q u i d )  w i t h i n  10 deg C o f  
the  l i q u i d u s .  In  a s i m i l a r  tem p e ra tu re  i n t e r v a l  a l l o y  E has
become j u s t  u n de r  60% s o l i d  (40% l i q u i d ) .
The a l l o y s  D and F ,  w h ich  w ere  d e s ig n e d  and p ro d u c e d  to  be  low  in  
ph osph orous  and s u lp h u r ,  show a f r a c t i o n  l i q u i d  a g a i n s t  
tem p e ra tu re  b e h a v io u r  t h a t  i s  s t e e p  in  th e  e a r l y  (h ig h  
te m p e ra tu re )  s t a g e s  w i t h ,  in  b o th  c a s e s  a d ro p  t o  a p p ro x im a te ly
30% l i q u i d  i n  th e  f i r s t  10 deg  C ( F i g u r e s  4 .9  and 4 . 1 0 ) .  U n l i k e
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, 0 . 2  mm f
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th e  p r e v i o u s  c a se  t h e r e  i s  no t a i l  a t  low  l i q u i d  f r a c t i o n s  and the  
c u rv e  e x h i b i t s  a much c l e a r e r  w e l l  d e f i n e d  c u t - o f f .  The r e m a in in g  
two a l l o y s  e x h i b i t  b e h a v io u r  be tw een  the  two ex trem es  n o ted  
( F i g u r e s  4 .1 1  and 4 . 1 2 ) .  They show a s t e e p  i n i t i a l  s e c t i o n  ( t o  
80% s o l i d  in  10 deg  C) and then  f l a t t e n  o u t  a t  low  l i q u i d  
f r a c t i o n s .  T h is  f l a t t e n i n g  i s  more p ronounced  than  in  th e  v e ry  
c le a n  a l l o y s  b u t  i s  l e s s  extrem e than  in  th e  lo n g  t a i l s  r e p o r t e d  
in  the  d i r t y  a l l o y  c a s e .  The two a l l o y s  show some s m a l l  
d i f f e r e n c e s  in  t h e i r  b e h a v io u r  w h ich  i s  p o s s i b l y  e x p l a in e d  by  
t h e i r  d i f f e r i n g  im p u r i t y  l e v e l s .
Au togenous  a r c  w e ld  run s  on a l l o y s  A ,  B and C showed t h a t  a l l o y  B 
r e t a i n e d  s l i g h t l y  more f e r r i t e  a t  room te m p e ra tu re  than  a l l o y  A 
and a l l o y  C a p p a r e n t l y  c o n ta in e d  th e  l e a s t .  I t  s h o u ld  b e  n o ted  
t h a t  no d i r e c t  com par ison  be tw een  the  th r e e  a l l o y s  was made. 
F i g u r e  4 .13  shows some d e t a i l  o f  th e  s t r u c t u r e s  p ro d u c e d ,  and i t  
i s  p l a i n  t h a t  th e  d o u b l i n g  o f  c u r r e n t  from  50A t o  100A has  
p ro d u ced  l i t t l e  change in  th e  s c a l e  o f  th e  r a i c r o s t r u c t u r e .
4 .3  C h em is t ry
4 .3 .1  G e n e ra l  Comments on th e  C hem ica l A n a ly s e s
The c o n c e n t r a t io n  l e v e l s  o f  a l l o y i n g  e lem ents  p r e s e n t e d  in  T a b le s  
4 .4  -  4 .9  w ere  o b t a in e d  by e l e c t r o n  p ro b e  m ic r o a n a ly s i s  (EPMA) on 
th e  l o n g i t u d i n a l l y  s e c t i o n e d  sam p le s .  EPMA r e s u l t s  a r e  n o rm a l ly  
e x p e c te d  to  be  a c c u r a t e  to  w i t h in  1% o f  the  qu o ted  v a l u e .  I t  must  
be  a p p r e c i a t e d  t h a t  o t h e r  f a c t o r s  w i t h in  a complex m ic r o s t r u c t u r e
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TABLE 4 .4
ELECTRON MICROPROBE RESULTS FROM ALLOY A
TEMP ( ° C )  PHASE ELEMENTAL CONCENTRATION ( wt%)
Fe C r H i Mm Mo S i
1440 F e r r i t e 67 .8 17 .8 9 .8 1.37 2 .40 0 .73
L i q u i d 65 .1 17 .9 12 .1 1 .60 2 .55 0 .78
1439 (1 ) F e r r i t e 6 5 .2 1 7 .0 9 .6 0 .99 6 .67 0..59
L i q u i d 59 .4 15.5 9 .4 1 .06 13.96 0 .63
1434 F e r r i t e 6 9 .0 17 .8 9 .0 1 .31 2 .24 0 .69
L i q u i d 63 .3 18 .1 13 .1 1 .87 2 .75 0 .63
1412 F e r r i t e 6 8 .0 1 8 .2 9 .2 1 .33 2 .52 0 .75
A u s t e n i t e 6 7 .0 17 .4 11.3 1 .38 2 .16 0 .71
L iq u id 5 8 .9 22 .0 1 0 .9 1 .59 5 .43 1 .17
1395 F e r r i t e 6 6 .7 20 .17 7 ,°9 1 .25 3 .29 0 .72
A u s t e n i t e 67 .5 17 .0 11 .5 1 .37 2 .00 0 .70
L i q u i d 62 .7 1 9 .0 12 .2 1 .66 3 .50  . 0 .92
(1 ) H igh  Mo co n te n t  due t o  th e  p r o x im i t y  o f  remnants o f  molybdenum  
s u p p o r t  w i r e
TABLE 4 .5
ELECTRON MICROPROBE RESULTS FROM ALLOY B
Temp ( °C )  PHASE ELEMENTAL COMPOSITION (wt%)
Fe Cr N i Mo S i
1433 F e r r i t e
L i q u i d
6 7 .9  
63 .8
19 .8
19 .3
9 .9
13 .8
1 .95
2 .65
0 .45 
0 .60
1432 F e r r i t e
L i q u i d
6 7 .9
6 2 .6
19 .1
18 .9
1 0 .5  
15 .3
2 .25
2 .60
0 .45
0 .65
1418 F e r r i t e
L i q u i d
61 .5
6 7 .5
20 .1
2 0 .0
15 .0
9 .8
2 .80
2 .30
0 .70
0 .60
1412 F e r r i t e
A u s t e n i t e
L i q u id
67 .3
67 .3  
6 1 .1
19 .1  
17 .8
2 5 .1
11 .5
12 .8
8 .1
1 .75
1 .70
5 .10
0 .50
0 .40
0 .70
1404 F e r r i t e
A u s t e n i t e
L i q u i d
66 .3  
66 .8
63 .3
20 .1
18.5
23 .2
10.7
12 .5
8 .6
2 .45
1 .75
4 .30
0 .55
0 .55
0 .65
1400 A u s t e n i t e
L i q u i d
67 .3
63 .7
18 .0
2 1 .9
12 .4
10 .7
1 .75
3 .45
0 .45
0 .60
1385 A u s t e n i t e
L i q u i d
67 .1  
65 .6
18 .1
20 .0
12 .2  
11 .2
1.95
2 .60
0 .50
0 .60
1351 F e r r i t e  6 5 .2  22 .3  8 .9  3 .10  0 .60
A u s t e n i t e  6 6 .8  18 .0  12 .7  2 .00  0 .55
1335 F e r r i t e  6 6 .2  2 2 .0  8 .4  3 .00  0 .60
A u s t e n i t e  66 .7  18 .8  12 .2  1 .80  0.60
TABLE 4 .6
ELECTRON MICROPROBE RESULTS FROM ALLOY C
Temp ( °C )  PHASE ELEMENTAL COMPOSITION (wt%)
Fe C r N i  Mo S i
1431 F e r r i t e
L i q u i d
69 .7
62 .3
17 .8
1 9 .1
10 .1
14 .9
1.95  
3 .05
0 .55
0.75
1422 F e r r i t e
A u s t e n i t e
L i q u id
6 7 .6
69 .0
6 3 .1
19 .1
16.7
19 .4
10 .3
12 .1
13 .8
2 .45
1.75
2.95
0 .7 0
0 .55
0 .85
1416 F e r r i t e
A u s t e n i t e
6 8 .6
69 .3
19 .0
16 .7
9 .5
11 .7
2 .45
1.80
0 .60
0 .6 0
1404 F e r r i t e
A u s t e n i t e
6 7 .4
69 .0
20 .2
16 .9
9 .0
12 .0
2.75
1 .55
0 .65
0 .60
1352 F e r r i t e
A u s t e n i t e
66 .4
68 .5
22 .0 
17 .4
7 .3
11 .6
3 .65
2 .05
0 .70
0 .60
1335 F e r r i t e
A u s t e n i t e
6 6 .1
68 .1
20 .9
17 .9
8 .9
12 .1
2 .30
1 .85
0 .70
0 .50
TABLE 4 .7
ELECTRON MICROPROBE RESULTS FROM ALLOY D
Temp ( °C )  PHASE ELEMENTAL COMPOSITION (wt%)
Fe Cr N i Mn Mo S i
1447 F e r r i t e 70 .4 17 .7 10 .0 0 .79 0 .98 0 .50
L iq u id 6 7 .9 15 .8 1 3 .8 1 .06 0 .87 0 .53
1433 F e r r i t e 70 .2 16 .8 1 0 .4 0 .95 1 .17 0 .49
A u s t e n i t e 70 .0 1 5 .6 1 2 .2 0 .86 0 .93 0 .50
L iq u id 6 3 .2 18.2 14.2 1 .30 2 .27 0 .93
1432 F e r r i t e 70 .1 16 .8 10.5 0 .92 1 .27 0 .48
A u s t e n i t e 70.1 1 5 .6 12 .1 0 .92 0 .91 0 .46
1427 F e r r i t e 6 8 .8 ' 17 .8 1 0 .4 0 .93 1 .50 0 .57
A u s t e n i t e 70 .8 15 .6 12 .1 0.95 1 .02 0 .55
L iq u id 6 1 .1 21 .8 11 .5 1 .31 3 .45 0 .94
1395 F e r r i t e 66 .7 20 .2 9 .2 1 .01 2 .23 0 .63
A u s t e n i t e 67 .5 16 .4 12 .4 1 .05 1 .14 0 .5 5
TABLE 4 .8
ELECTRON MICROPROBE RESULTS FROM ALLOY E
TEMP ( ° C )  PHASE ELEMENTAL CONCENTRATION (wt%)
Fe C r Mi Mn Mo S i P
1430 F e r r i t e 66 .8 18 .4 10 .4 1 .72 2 .21 0 .4 8 0 .00
L i q u i d 5 9 .8 18.7 14.7 2 .56 3 .34 0 .7 6 0 .12
1421 F e r r i t e 6 6 .9 1 8 .1 10 .8 1 .78 1 .97 0 .51 0 .00
L i q u i d 6 1 .9 18 .0 14 .6 2 .19 2 .59 0 .68 0 .07
1418 F e r r i t e 66 .2 19 .0 10.1 1 .85 2 .39 0 .50 0 .00
A u s t e n i t e 6 6 .4 1 6 .9 12 .6 1 .85 1 .72 0 .50 0 .00
L iq u id 5 6 .4 2 2 .9 10.5 2 .61 6 .09 0 .89 0 .71
TABLE 4 .9
ELECTRON MICROPROBE RESULTS FROM ALLOY F
TEMP ( ° C )  PHASE ELEMENTAL CONCENTRATION (wt%)
Fe C r M i Mn Mo S i
1434 F e r r i t e 67 .0 18 .5 10.3 1 .56 2 .23 0 .50
L i q u i d 58 .4 19 .1 15 .0 2 .61 4 .04 0 .83
1426 F e r r i t e 66 .0 18 .5 11 .0 1 .66 2 .32 0 .50
A u s t e n i t e 6 4 .0 17.3 14 .0 1 .89 2 .32 0 .57
L iq u id 58 .7 19 .1 14.7 2 .77 3 .96 0 .79
1423 F e r r i t e 66 .0 18 .8 10 .5 1 .83 2 .31 0 .53
L iq u id 5 9 .2 21.7 10.5 2 .00 5 .91 0 .78
1407 F e r r i t e 64 .8 20 .0 9 .9 1 .68 3 .03 0 .60
A u s t e n i t e 66 .4 16 .8 13 .0 1 .73 1 .70 0 .46
L i q u i d 63 .5 22 .0 8 .1 1 .70 4 .12 0 .59
1396 F e r r i t e 64 .3 2 0 .6 9 .4 1 .65 3 .48 0 .61
A u s t e n i t e 65 .6 17 .0 1 2 .9 2 .02 2.05 0 .53
can a f f e c t  th e s e  r e a d in g s  and one o r  more o f  t h e s e  f a c t o r s  c o u ld  
a cco u n t  f o r  th e  d i f f e r e n c e s  b e tw een  some o f  the  f i g u r e s  seen  in  
the  t a b l e s .  The f a c t o r s  t o  b e  c o n s id e r e d  in c lu d e  specim en  
p o r o s i t y ,  s u b - s u r f a c e  d e f e c t s ,  m i c r o s t r u c t u r a l  d i f f e r e n c e s  and  
p r e c i p i t a t i o n .  P o r o s i t y  o v e r l a p p i n g  th e  a n a l y s i s  f i e l d  w i l l  
red u ce  the  t o t a l  number o f  x - r a y  cou n ts  r e c e i v e d  by  the  d e t e c t o r  
and th us  i n c r e a s e  th e  e r r o r  on th e  r e s u l t  th ro u g h  s t a t i s t i c a l  
s c a t t e r .  P o re s  may c o n t a in  f o r e i g n  m a tte r  (e g  from  th e  p o l i s h i n g  
p r o c e s s )  and th e s e  c o u ld  a f f e c t  th e  a n a l y s i s .  A d e n d r i t i c  
m ic r o s t u c t u r e  as  d e m o n s tra ted  by  th e  spec im ens h e r e  i s  a 
c o m p l ic a t e d  t h r e e  d im e n s io n a l  shape and t h e r e  i s  a lw a y s  th e  d a n g e r  
o f  a s u b - s u r f a c e  change  such  a s  a l i q u i d  p o o l  u n d e r  a d e n d r i t e  
arm. T h i s  e f f e c t  w i l l  a g a in  a f f e c t  the  a n a l y s i s  b e c a u s e  the  
p r o b in g  e l e c t r o n  beam e x c i t e s  x - r a y s  from  a  volume o f  s e v e r a l  
c u b ic  m ic ro n s .  P r e c i p i t a t i o n  o f  i n t e r m e t a l l i c  compounds can l e a d  
t o  f a l s e  a n a ly s e s  i f  th e  beam happens t o  l a n d  on such an
u n r e p r e s e n t a t i v e  sam p le .  T h i s  i s  a p ro b lem  in  the  l a t t e r  s t a g e s
o f  s o l i d i f i c a t i o n  when th e  l i q u i d  i s  becom ing v e r y  s o l u t e  r i c h .  
In  t h i s  extrem e c a se  th e  s i z e  o f  th e  l i q u i d  p o o l s  i s  r e d u c e d
c o n s i d e r a b l y  and can  l e a d  to  p ro b lem s  th ro u gh  th e  l i m i t e d
r e s o l u t i o n  o f  th e  beam.
I t  i s  seen  from  th e  t a b l e s  o f  s e g r e g a t i o n  r a t i o ' s  p r e s e n t e d  
( T a b le s  4 .1 0 -4 .1 5 )  t h a t  some o f  th e  C r^  : (-'r pj_q f i g u r e s  s u g g e s t
t h a t  chromium i s  s e g r e g a t i n g  to  th e  l i q u i d .  T h i s  w ou ld  be  a t r u l y  
r e m a rk a b le  r e s u l t .  However a v e r a g in g  o v e r  the  s i x  a l l o y s  s t u d i e d ,  
and t a k in g  the  t e m p e ra tu re s  c l o s e s t  to  the  l i q u i d u s  a s  th e  d a t a  
l i n e ,  i t  was foun d  t h a t  th e  a v e r a g e  v a lu e  came t o  b e  1 .00  w i t h  a
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TABLE 4 „10
SEGREGATION RATIOS FOR ALLOY A
ELEMENT PHASES TEMPERATURE °C
1440 1439 1434 1412 1395
Cr F/L
F/A
A/L
0 .99 1 .09 0 .98 0 .83
1 .05
0 .79
1 .06
1 .19
0 .89
N i F/L
F/A
A/L
0 .81 1 .04 0.68 0 .84
0 .81
1 .04
0 .65  
0 .69 
0 .94
Mo F/L
F/A
A/L
0 .9 8 0 .48 0 .81 0 .4 6
1 .16
0 .40
0 .93
1 .65
0 .57
F -  F e r r i t e
A -  A u s t e n i t e
L -  L i q u i d
TABLE 4 .1 1
SEGREGATION RATIOS FOR ALLOY B
ELEMENT PHASES TEMPERATURE °C
1433 1432 1418 1412 1404 1400 1385
C r  F/L 1 .03  1 .01  0 .9 9  0 .76  0 .86
F/A 1 .08  1 .08
A/L 0 .7  0 .79  0 .8 6  0 .91
N i  F/L 0 .71  0 .6 8  0 .6 4  1 .4  1 .24
F/A 0 .8 9  0 .86
A/L 1 .56  1 .45  1 .16  1 .09
Mo F/L 0 .74  0 .88  0 .82  0 .35  0 .58
F/A 1 .0 6  1 .39
A/L 0 .33  0 .42  0 .51  0 .73
1351
1 .24
0 .7
1 .55
F -  F e r r i t e
A -  A u s t e n i t e
L -  L i q u i d
TABLE 4 .1 2
SEGREGATION RATIOS FOR ALLOY C
ELEMENT PHASES
Cr F/L
F/A 
A/L
N i  F/L
F/A 
A/L
Mo F/L
F/A 
A/L
1431 1422
0 .93  0 .98
1 .14  
0.86
0 .67  0 .7 4
0 .8 5  
0,88
0 .6 7  0 .83
1 .3 9  
0.6
TEMPERATURE °C
1416 1404 1352
1 .13  1 .19  1 .26
0 .8 1  0 .75  0 .63
1 .39  1 .75  1 .68
1330
1.17
0 .73
1 .74
F -  F e r r i t e
A -  A u s t e n i t e
L -  L i q u i d
TABLE 4 .1 3
SEGREGATION RATIOS FOR ALLOY D
ELEMENT PHASES TEMPERATURE °C
Cr F/L
F/A 
A/L
N i  F/L
F/A  
A/L
Mo F/L
F/A 
A/L
1447 1433
1 .12  0 .92
1 .08
0 .73  0 .74
0.86 
0.86
1 .13  0 .5
1 .26  
0 .41
1432 1427
0 .82
1 .08  1 .14
0 .90
0 .87  0 .85
1 .06
0 .43
1 .40  1 .47
0 .30
1395
1 .24
0 .74
1 .96
F -  F e r r i t e
A -  A u s t e n i t e
L -  L i q u i d
TABLE 4 .1 4
SEGREGATION RATIOS FOR ALLOY E
ELEMENT PHASES TEMPERATURE °C
1430 1421 1418
Cr F/L
F/A
A/L
0 .9 8 1 . 0 1 0 .83
1 . 1 2
0 .74
N i F/L
F/A
A/L
0 .71 0 .74 0 .96
0 .80
1 . 2 1
Mo F/L
F/A
A/L
0.66 0 .76 0 .38  
1 .39  
0 .28
F -  F e r r i t e
A -  A u s t e n i t e
L -  L i q u i d
TABLE 4 .1 5
SEGREGATION RATIOS FOR ALLOY F 
ELEMENT PHASES
1433
F/L 0 .96
F/A 
A/L
F/L 0 .69
F/A 
A/L
F/L 0 .55
F/A 
A/L
F -  F e r r i t e
A -  A u s t e n i t e
L -  L i q u i d
N i
TEMPERATURE
1426 1423
0 .97  0 .87
1 .07
0 .91
0 .7 5  1 .00
0 .78
0 .95
0 .5 9  0 .40
1 . 0 2  
0 .57
1407 1396
0 .91
1 .19  1 .21
0 .76
1 . 2 2
0 .7 7  0 .73
1 .60
0 .74
1 .78  1 .70
0 .41
s t a n d a rd  d e v i a t i o n  o f  0 .0 6 7 .  Thus f o r  t h i s  s e t  o f  6 p o in t s  ( i e  5 
d e g r e e s  o f  freedom ) th e  99% c o n f id e n c e  l i m i t  can  be  s e t  a t  ±0 .1 1  
and we see  t h a t  a l l  b a r  one o f  th e  r e s u l t s  i s  w i t h in  t h a t  l i m i t .  
Thus we can be  r e a s o n a b ly  c e r t a i n  t h a t  we a r e  n o t  s e e in g  i n i t i a l  
s e g r e g a t i o n  o f  chromium away from  the  f e r r i t e .
B ecause  the  a l l o y s  a r e  so  c l o s e  t o  each  o t h e r  i n  c o m p o s i t io n  most  
o f  th e  c o m p o s i t io n a l  r e s u l t s  p r e s e n t e d  a r e  in  te rm s o f  r a t i o s  
betw een  two p h a s e s .  I t  w ou ld  n o t  b e  e x p e c te d  t o  f i n d  g r e a t  
d i f f e r e n c e s  b e tw een  th e  chromium c o n te n t s  o f  th e  i n i t i a l  f e r r i t e  
when the  o v e r a l l  c o n te n t  v a r i e s  by  a mere 1.5%. A g a in  u s in g  the  
f i g u r e s  tak en  j u s t  b e lo w  th e  l i q u i d u s  the  f i r s t  f e r r i t e  chromium  
c o n te n t  v a r i e s  by  1 .4% . I t  i s  w o r th y  o f  n o te  t h a t  one o f  th e  
a l l o y s  was doped  w i t h  0.1% p h o sp h o ro u s .  In  t h i s  a l l o y  (E) a 
c o n c e n t r a t i o n  o f  p h o sp h o ru s  a p p ro a c h in g  0.7% was seen  in  the  f i n a l  
l i q u i d  p o o l s .  Ph osph orus  was a l s o  d e t e c t e d  i n  a l l o y s  F and A .  
Both  d e t e c t i o n s  w ere  i n  the  f i n a l  p o o l s ,  t h a t  in  A a t  0.13% (from  
0.03% o v e r a l l ) ,  and t h a t  in  F a t  0.02% ( from  < 0 .0 1 % ) .  I t  was no t  
s e a rc h e d  f o r  in  a l l o y s  B and C , and was not  found  in  a l l o y  D where  
i t  was s e a rc h e d  f o r .
4 . 3 . 2  A l l o y  A
Between th e  l i q u i d u s  and. th e  S •“ 7  t r a n s i t i o n  te m p e ra tu re  v e r y  
l i t t l e  s e g r e g a t i o n  o f  chromium ( s e e  T a b le  4 .1 0 )  was seen  o f  any  
s i g n i f i c a n c e .  A t  th e  te m p e ra tu re  (1439 °C) where  i t  was o b s e r v e d  
the  p r e s e n c e  o f  some Mo s u p p o r t  w i r e  may be  i n f l u e n c i n g  the  
r e s u l t s .  A t  t h i s  t e m p e ra tu re  the  n i c k e l  and molybdenum f i g u r e s
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a r e  re m a rk a b le  t o o .  N i c k e l  d i d  s e g r e g a t e  to  th e  l i q u i d  in  t h i s  
tem p e ra tu re  ran ge  and molybdenum showed a s l i g h t  ten den cy  to  
f a v o u r  th e  l i q u i d  (w h ich  may have  been  in f l u e n c e d  by  th e  p re s e n c e  
o f  th e  s u p p o r t  w i r e ,  and c e r t a i n l y  was a t  1439 ° C ) .
When the  y - p h a s e  s t a r t e d  to  come o u t  ( a t  1416 °C ) th e  p o s i t i o n  
was n o t  made much c l e a r e r .  J u s t  b e lo w  t h i s  t e m p e ra tu re  ( a t  
1412 °C ) th e  chromium c o n te n t  o f  the  f e r r i t e  a p p e a re d  to  have  
r i s e n  s l i g h t l y  and was h i g h e r  than  in  the  a u s t e n i t e .  But in  
g ro w in g  from th e  l i q u i d  th e  a u s t e n i t e  r e j e c t e d  chromium and 
e n r ic h e d  th e  l i q u i d  to  even  h i g h e r  chromium l e v e l s  than  in  th e  now 
i s o l a t e d  f e r r i t e .  N i c k e l  l e v e l s  in  th e  l i q u i d  f e l l  s l i g h t l y  as  i t  
began  to  s e g r e g a t e  to  the  a u s t e n i t e ,  and the  molybdenum c o l l e c t e d  
i n  th e  l i q u i d .
In  the  t a i l  o f  th e  s o l i d i f i c a t i o n  c u rv e  ( a t  a p p r o x im a t e ly  1395 °C)  
h ig h  chromium l e v e l s  w ere  seen  in  the  o r i g i n a l  f e r r i t e ,  c o u p le d  
w it h  low  n i c k e l ,  p e rh a p s  s u g g e s t i n g  some d i f f e r e n t i a l  s e g r e g a t i o n .  
The l i q u i d  was s t i l l  b ecom ing  r i c h e r  in  chromium and molybdenum  
and th e  n i c k e l  was s e g r e g a t i n g  to  th e  a u s t e n i t e .
F ig u r e  4 .14  shows some o f  th e  a r e a s  a n a ly s e d .
4 .3 .3  A l l o y  B
B e fo r e  the  t r a n s i t i o n  th e  s e g r e g a t i o n  b e h a v io u r  was v e r y
s i m i l a r  to  a l l o y  A. When th e  )A ^phase  s t a r t e d  a p p e a r in g  some 
d i f f e r e n c e  was a p p a r e n t  in  th e  s e g r e g a t i o n  r a t i o s  (T a b le  4 . 1 1 ) .
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p g r r i t ©  AUStenltC
L iq u id  —.. —
—  — A u s t e n i t e
-  F e r r i t e
L i q u i d  -  —
, 0 . 0 5  nun 
1 4 1 2 ° C
F i g .  4 . 1 4  T y p i c a l  A r e a s  A n a l y s e d  b y  EPMA -  A l l o y  A
A
In  th e  a l l o y  A c a s e  th e  n i c k e l  a p p ea red  to  be  removed from  th e  8 
ph ase  q u i c k l y  enough to  b a la n c e  th e  l o s s  from  the  l i q u i d  and the  
s e g r e g a t i o n  r a t i o  f o r  N i  be tw een  the  d e l t a  and l i q u i d  p h a se s  i s  
s i m i l a r  b e f o r e  and a f t e r  the  ap p e a ra n c e  o f  th e  7 . I n  the  a l l o y  B 
c a se  th e  n i c k e l  l e v e l  i n  th e  l i q u i d  i s  much redu ced  w h i l e  t h a t  in  
th e  8 rem a ins  a p p r o x im a t e ly  c o n s t a n t .  Thus b o th  th e  d e l t a - l i q u i d  
s e g r e g a t i o n  r a t i o  and th e  g a m m a - l iq u id  s e g r e g a t i o n  r a t i o  a r e  h ig h .  
F u r t h e r  down th e  sequen ce  th e  g a m m a - l iq u id  r a t i o  r e d u c e s  
r e f l e c t i n g  th e  t r a n s f o r m a t i o n  o f  th e  d e l t a  p h ase  t o  th e  gamma. 
The molybdenum s e g r e g a t e s  t o  th e  l i q u i d  and i s  found  in  the  
f e r r i t e  form ed from  th e  f i n a l  l i q u i d  p o o l s .
4 . 3 . 4  A l l o y  C
The d a t a  c o l l e c t e d  on t h i s  a l l o y  shows i t  t o  b eh ave  v e r y  s i m i l a r l y  
t o  a l l o y s  A and B (T a b l e  4 . 1 2 ) .  Fewer a r e a s  w e re  exam ined and  
th o se  m issed  w ere  i n  th e  r e g i o n s  o f  d i f f e r e n c e  be tw een  the  
p r e v i o u s  a l l o y s .  The f i g u r e s  tak en  a t  1422 °C j u s t  b e lo w  the  
t r a n s i t i o n ,  s u g g e s t  an a f f i n i t y  w i t h  a l l o y  A th ro u gh  th e  b e h a v io u r  
o f  th e  n i c k e l .  O th e rw is e  the  s e g r e g a t i o n  o f  the  chromium and the  
molybdenum i s  t o  th e  f e r r i t e  and th e  f i n a l  l i q u i d .
4 . 3 .5  A l l o y  D
A l l o y  D showed a  more marked tendency  f o r  chromium to  s e g r e g a t e  
betw een  th e  l i q u i d  and the  i n i t i a l  d e l t a  f e r r i t e  (T a b le  4 . 1 3 ) .  
A f t e r  th e  s o l i d  s t a t e  t r a n s f o r m a t io n  s t a r t e d  and th e  gamma p hase  
ap p ea red  the  chromium c o n c e n t r a t e d  in  th e  re m a in in g  l i q u i d .  The
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n i c k e l  was seen  t o  s e g r e g a t e  f i r s t  to  the  l i q u i d  and th e n ,  a s  th e  
s o l i d i f i c a t i o n  p r o c e e d e d ,  to  th e  gamma ( a u s t e n i t i c )  p h a s e ,  
a l th o u g h  th e  l e v e l s  o f  s e g r e g a t i o n  w ere  not  a s  l a r g e  as  in  a l l o y  
B. Molybdenum beh aved  as  n o ted  p r e v i o u s l y .  Some o f  th e  a r e a s  
a n a ly s e d  w ere  shown in  F i g u r e  4 .1 5 .
4 .3 . 6  A l l o y  E
T h is  a l l o y  i s  d i s t i n g u i s h e d  by  an a d d i t i o n  o f  0.1% o f  p h o sp h o ru s ,  
w h ich  was found  t o  s e g r e g a t e  to  th e  f i n a l  l i q u i d  up to  a l e v e l  o f  
a p p ro x im a te ly  0 .7% . The chromium a g a in  showed a m i ld  s e g r e g a t i o n  
to  th e  f e r r i t e  (T a b le  4 .1 4 )  w i th  th e  n i c k e l  g o in g  to  the  l i q u i d  
and then  th e  a u s t e n i t e .  A marked s e g r e g a t i o n  o f  n i c k e l  was seen  
betw een  th e  gamma p h ase  and th e  rem a in in g  l i q u i d  j u s t  b e lo w  the  
$-Y t r a n s i t i o n  a t  1425 °C .  Molybdenum s e g r e g a t e d  s t r o n g l y  to w a rd s  
th e  f i n a l  l i q u i d  and a p p e a re d  in  th e  f e r r i t e  a r i s i n g  from  t h a t  
l i q u i d .
4 . 3 .7  A l l o y  F
T h is  a l l o y  showed s i m i l a r  s e g r e g a t i o n  t r e n d s  to  th o se  o b s e r v e d  in  
‘ p r e v i o u s  a l l o y s  (T a b le  4 . 1 5 ) .  Thus the  chromium showed v e ry  
l i t t l e  s e g r e g a t i o n  betw een  the  l i q u i d  and th e  i n i t i a l  f e r r i t e  and  
s t a r t e d ,  t o  b u i l d  up in  th e  l i q u i d  when the  a u s t e n i t e  b egan  to  
a p p e a r .  A f t e r  the  a p p ea ran ce  o f  th e  gamma p h ase  th e  n i c k e l  showed  
a sh a rp  s e g r e g a t i o n  be tw een  t h i s  phase  and the  l i q u i d ,  and a t  th e  
same t e m p e ra tu re  (1407 °C ) th e  n i c k e l  c o n te n t  o f  the  r e m a in in g
d e l t a  phase  was a p p a r e n t l y  much h i g h e r  than  t h a t  o f  th e  l i q u i d .
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L i q u i d
F e r r i t e
L i q u i d  -  
A u s t e n i t e  ——
, O .Q 5 m m t
1 4 2 7 ° C
A u s t e n i t e
F e r r i t e
F i g .  4 . 1 5  T y p i c a l  A r e a s  A n a l y s e d  b y  EPMA -  A l l o y  D

T h is  phenomenon had f i r s t  a p p e a re d  a t  1423 °C w here  the  d e l t a  and  
l i q u i d  n i c k e l  c o n te n t s  had b a la n c e d  a f t e r  p r e v i o u s l y  b e in g  b i a s e d  
to w a rd s  th e  l i q u i d .  Molybdenum beh aved  as  e x p e c te d  and was found  
in  th e  f e r r i t i c  p h ase  form ed d u r in g  the  t a i l  end o f  the  
s o l i d i f i c a t i o n .  Some a r e a s  a n a ly s e d  a r e  shown in  F i g u r e  4 .1 6 .
4 .4  W e ld  T e s t in g
Two a l l o y s  (B ,  C) w e re  ' V a r e s t r a i n t '  t e s t e d .  On m ic r o s c o p ic  
e x a m in a t io n  o f  a c le a n e d  s u r f a c e  ( i e  o x id e  rem ova l  by  a l i g h t  
p o l i s h  w i t h  600 g r i t  p a p e r )  a l l o y  B showed no c r a c k in g  w h i l e  a l l o y  
C showed a s m a l l  amount. The t o t a l  c r a c k  l e n g t h  was 0 .5  mm w i t h  a 
maximum c ra c k  le n g t h  o f  0 .2  mm.
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A u s t e n i t e
F i g .  4 . 1 6  T y p i c a l  A r e a s  A n a l y s e d  b y  b y  EPMA -  A l l o y  F

5. DISCUSSION
The r e s u l t s  p r e s e n t e d  i n  th e  p r e v i o u s  c h a p t e r  i n c lu d e  some
assessm en t  o f  the  e r r o r  due to  th e  in h e r e n t  s t a t i s t i c s  o f  the  d a t a  
p o i n t s .  No a s se s sm en t  o f  e x p e r im e n t a l  f a c t o r s  has  been  in c lu d e d .  
The te m p e ra tu re s  g i v e n  w ere  m easured  u s in g  Pt/P t-13%  Rh 
th e rm o co u p le s  c o n t a in e d  in  a m in e r a l  i n s u l a t e d  Pt-5% Rh sh e a th  o f  
nom ina l o v e r a l l  d ia m e te r  1.0mm. A g e in g  (and hence d e g r a d a t i o n )  o f  
th e  th e rm ocoup le  w i r e  was n o t  th o u gh t  to  b e  a  p ro b lem  f o r  two
r e a s o n s , t h e s e  w e re
(a )  th e  th e rm o co u p le s  n o rm a l ly  f a i l e d  a f t e r  a c o m p a r a t iv e ly  s h o r t  
l i f e  (9 -12  mths) th ro u g h  m e c h a n ic a l  b reakdown o f  th e  sh ea th  
m a t e r i a l .
( b )  th e  th e rm o co u p le s  w e re  i n  u se  a t  t e m p e ra tu re s  above  the
a n n e a l in g  t e m p e ra tu re  o f  th e  a l l o y s  in  them and hence  t h e i r  
r e s i s t i v i t y  s h o u ld  n o t  have  been  a f f e c t e d  by  a b u i l d  up o f  
d i s l o c a t i o n s .
Because  the  th e rm ocou p le  a s s e m b l ie s ,  w ere  r e l a t i v e l y  t h in  (and  
the  w i r e s  th em se lv e s  w ere  o n ly  0.1mm d ia m e te r )  i t  was assumed  
t h a t  th e  h e a t  t r a n s f e r  w ou ld  be  such a s  t o  g i v e  a r a p i d  
r e sp o n se  to  t e m p e ra tu re  ch an ge .  What was n o t  a s  c l e a r  was  
how the  r e l a t i v e l y  m a s s iv e  specim en assem b ly  w ou ld  re sp o n d  to  
the  c h an g in g  t e m p e ra tu re s  i t  saw w h i l s t  t r a v e r s i n g  th e  
tem p e ra tu re  g r a d i e n t .  To check t h i s  a s e r i e s  o f  dummy runs  
was c a r r i e d  o u t ,  u s in g  a c a s t  i r o n  s c re e n e d  spec im en .
5 .1  R e l i a b i l i t y  o f  T em p era tu re  M easurem ent
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The s e r i e s  c o n s i s t e d  o f  t h r e e  run s  c o m p r is in g  one  
th e rm ocoup le  run  as  in  a norm al g r a d i e n t  e x p e r im en t  
( c a l i b r a t i o n  run ) and two runs  s c re e n e d  w i t h  the  c a s t  i r o n .  
The spec im ens in  t h i s  c a se  w ere  lo a d e d  i n t o  th e  c r u c i b l e  a s  
powder w h ich  a l l o w e d  a th e rm ocoup le  to  be  in c o r p o r a t e d  w i t h in  
th e  specim en by the  u se  o f  a v e ry  t h in  w a l l e d  a lum ina  s h e a th .  
I t  was a p p r e c i a t e d  t h a t  e n s u r in g  t h a t  th e  therm ocoup le  was in  
th e  c e n t r e  o f  the  c r u c i b l e  a t  i t s  b a s e  was v e r y  d i f f i c u l t .
Thus i t  was p o s s i b l e  t o  compare tem p e ra tu re  t r a c e s  from  a 
c a l i b r a t i o n  run  w i t h  th o se  o b t a in e d  from  i n s i d e  a c o o l i n g  
spec im en . I t  was found  t h a t  the  t r a c e s  w ere  r e p e a t a b l e  and 
t h a t  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  be tw een  th e  t r a c e s  
o b t a in e d  on c a l i b r a t i o n  and th o se  s c re e n e d  by  c a s t  i r o n  
(w h i l e  th e  th e rm ocou p le  s h e a th  s u r v i v e d  th e  l i q u i d  i r o n  
a t t a c k ) .
The h ig h  c o o l i n g  r a t e  runs  w ere  o b v i o u s l y  much more s e n s i t i v e  
to  h e a t  t r a n s f e r  p ro b le m s .  T h i s  e x p e r im e n t a l  s e t  up was  
checked  u s in g  a s i m i l a r  dummy run  t o  t h a t  d e s c r i b e d  above  
e x c e p t  t h a t  a lum ina  was u sed  f o r  the  s c re e n e d  spec im en . The 
r e a s o n s  f o r  t h i s  w ere  t w o f o ld  -  (a )  t o  p r o v i d e  a w o r s t  c a se  
exam ple w here  a c o m p a r a t iv e ly  l a r g e  amount o f  h e a t  needed  to  
be  rem oved, and (b )  to  a v o id  e x p e r im e n ta l  p ro b lem s  cau sed  by  
l i q u i d  i r o n  a t t a c k in g  th e  th e rm ocou p le s  i f  th e  sh ea th  was n o t  
a d e q u a t e ly  i r o n - p r o o f .  H ere  th r e e  runs  w e re  c a r r i e d  o u t ,  
c o m p r is in g  a n o rm a l ,  s lo w  c a l i b r a t i o n  ru n ,  a c a l i b r a t i o n  run  
a t  h ig h  c o o l i n g  r a t e ,  and th e  a lum ina  s c re e n e d  h ig h  c o o l i n g  
r a t e  ru n .  F i g u r e  5 .1  shows the  c a l i b r a t i o n  c u r v e s  o b t a in e d  
and T a b le  5 .1  shows th e  d e r i v e d  c o r r e c t i o n  f a c t o r s .  ■
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F i g ,  5 , 1 .  C a l i b r a t i o n  C u r v e s  f o r  F a s t ~ C o o l e d  QDS
TABLE 5 . I
CORRECTION FACTORS FOR FAST COOL QDS RUNS
’s  ( ° c )
Tp ( °C )
t s f  ( ° c )
T - T
F S
T
SF
1320 1344 1365 24 45
1340 1362 1383 22 43
1360 1379 1396 19 36
1380 1395 1410 15 30
1400 1409 1422 9 22
1420 1427 1433 7 13
1440 1443 1443 3 3
S
T em peratu re  seen in  a  s l o w ly c o o le d  therm ocoup le run
T -  T em peratu re  seen  i n  a f a s t  c o o le d  therm ocoup le  run  
F
T em peratu re  seen  in  a f a s t  c o o le d  a lum ina  s c re e n e d  th e rm ocou p le  run
I t  was f e l t  t h a t  i t  was d e s i r a b l e  to  check th e  h e a t  t r a n s f e r  
s i t u a t i o n  w i t h  some s im p le  c a l c u l a t i o n s  w h ich  f o l l o w :
C o n s id e r  a one second  t im e p e r i o d ,  and s ee  T a b le  5 .2  f o r  the  
v a r i o u s  p a ra m e te r s  u s e d .
D u r in g  th e  c o o l i n g  p r o c e s s  ( f o r  th e  norm al s lo w  c o o l
e x p e r im e n ts )  th e  specim en c o o l s  by  0 .16  deg  C in  one secon d .
Thus th e  h e a t  to  b e  r e j e c t e d  i s  g iv e n  by  MCpAT f o r  specim en  
and c r u c i b l e .
The f i g u r e s  a r e :
-3  -3
0 .26  x ( 2 . 5 ) 2 x 71 x 7 .8  x 10 x 0 .59  x 0 .16  = 3 .76  x 10 J (spec im en )
0 .26  x ( 4 2 -  2 . 5 2) x 71 x 3 .95  x 10~3 x 1 .5  x 0 .1 6 = 7 .5 5  x  10“ 3J ( c r u c i b l e )  
G iv in g  a t o t a l  o f  1 .13  x 10_2 J
The r a d i a t i v e  power i s  g o v e rn e d  by  S t e f a n ' s  Law:
E = £ cf T
where  E = r a d i a t e d  pow er
£ = e m i s s i v i t y  ( o f  a lum ina  h e r e )
<f = S t e fa n -B o lt z m a n n  c o n s ta n t
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TABLE 5 .2
THERMAL PROPERTIES USED IN  HEAT FLOW CALCULATIONS
m = mass under  c o n s i d e r a t i o n  = v o i  x d e n s i t y  (p  )
P ( s t e e l )  = 7 .8  x 10 3 gmm 3
- 1
Cp = h e a t  c a p a c i t y  a t  c o n s t a n t  p r e s s u r e  = 0 .59  Jg
£ = e m i s s i v i t y ,  assumed t o  b e  0 .5
r e p o r t e d  f i g u r e s  a r e :
£ (a lu m in a )  0 .43  a t  1400 K
0 .46  a t  1600 IC
0 .6  a t  1800 IC
U s in g  l i n e a r  e x t r a p o l a t i o n  be tw een  th e  l a t t e r  two v a lu e s  we have  £ = 0 . 5  
c o r r e s p o n d in g  to  1657 K (1384°C )
L a t e n t  h e a t  o f  i r o n  ( s t e e l  i s  assumed s i m i l a r )  = 274 Jg 1
T = A b s o lu t e  tem p e ra tu re
E = 0 .5  x 5 .6696  x 10” 8 x 7 .834  x 1012 ( i f  T = 1400°C)
= 2 .22  x 105 Vm“ 2
= 0 .22  Wmm 2
The r a d i a t i v e  a r e a  = 8 x tt x 0 .26  mm2
= 6 .5  mm2
Thus t h e r e  i s  ample r a d i a t i v e  power to  remove th e  norm al
_2
c o o l i n g  h e a t  a t  i t s  r a t e  o f  1 .13  x 10 W.
D u r in g  s o l i d i f i c a t i o n  l a t e n t  h e a t  i s  e v o l v e d .  In  a one  
second p e r i o d  th e  amount p ro d u ced  i s  g iv e n  by  mass x  l a t e n t  
h e a t .
= 0 .26  x (2 .5 )  2 x 71 x 7 .8  x 1 0 "3 x 274 J 
= 10 .9  J
As the  a v a i l a b l e  r a d i a t i v e  pow er  i s  0 .22  x 6 .5  = 1 .43  W
th e re  i s  a d e la y  in  e x p e l l i n g  th e  h e a t  g iv e n  by  1 0 .9 / 1 .4 3  = 7 .6  s e c s
T h is  e q u a te s  t o  a t e m p e ra tu re  d ro p  ( v i a  the  c o o l i n g  r a t e )  o f
1 .2  degC . Thus a t  th e  l i q u i d u s  a c o n s i s t e n t  e r r o r  o f  
a p p ro x im a te ly  + 1 .2 5  deg  C w i l l  be  seen  i n  th e  o b s e rv e d
-  58 -
t e m p e ra tu r e .  T h is  a l s o  i n d i c a t e s  t h a t  c o n s i d e r a b l e  e r r o r s  
a r e  l i k e l y  to  be  o b s e r v e d  in  th e  h ig h  c o o l i n g  r a t e  c a se  which  
w e re ,  in d e e d ,  o b s e r v e d  and c o r r e c t e d  f o r .
5 .2  P h ase  D iag ram s
5 .2 .1  The T e rn a ry  F e - C r - N i  Phase  D iag ram
The p u b l i s h e d  v e r s i o n s  o f  th e  i r o n -c h r o m iu m -n ic k e l  system  have  
been  r e v ie w e d  by  R i v l i n  and Raynor ( 4 9 ) .  They c o n c lu d e  t h a t  th e  
l i q u i d u s  s u r f a c e  ( F i g u r e  5.-2) c o n t a in s  a s i n g l e  r e a c t i o n  r o u t e  
w ith  a t e m p e ra tu re  minimum j u s t  b e lo w  1300°C a t  a c o m p o s it io n  o f  
8% Fe -  49% Cr -  43% N i .  The a c t u a l  r e a c t i o n  a t  t h i s  p o in t  i s  n o t  
c l e a r l y  d e f i n e d .  The s o l i d u s  ( F i g u r e  5 .3 )  shows a d i s t i n c t  two  
ph ase  r e g i o n  s t r e t c h i n g  a c r o s s  th e  d ia g ram . The F e - N i  end o f  t h i s  
a r e a  i s  form ed p e r i t e c t i c a l l y , w h i l s t  the  C r - N i  end a r i s e s  from  a 
e u t e c t i c  r e a c t i o n .  Thus th e r e  i s  a  c a se  where  the  n a tu r e  o f  the  
r e a c t i o n  changes  somewhere a lo n g  th e  r e a c t i o n  l i n e .  I t  i s  a l s o  
n o t a b l e  t h a t  b o th  in  th e  l i q u i d u s  and s o l i d u s  d ia g ra m s  p r e s e n t e d  
t h e r e  a r e  p a r t s  o f  th e  r e a c t i o n  o r  boundary  l i n e s  t h a t  a r e  n o t  
f i r m ly  p o s i t i o n e d .  The a l l o y s  s t u d i e d  h e re  f a l l  in  t h i s  r e g i o n .
5 .2 .2  The R e levan ce  o f  the  S tu d ie d  A l l o y s  t o  th e  T e rn a ry  D iag ram
I t  i s  c l e a r  t h a t  the  s t a i n l e s s  s t e e l s  s t u d i e d  a r e  n o t  d i r e c t l y  
r e l e v a n t  to  a t e r n a r y  d ia g ra m  f o r  p u re  m e t a l s .  I t  i s  a l s o  t r u e  
t h a t  th e s e  e x p e r im e n ts  w ere  n o t  c a r r i e d  o u t  un der  e q u i l i b r i u m  
c o n d i t i o n s ,  a l th o u g h  th e  c o o l i n g  r a t e s  w ere  q u i t e  s lo w  (co m p a rab le  
t o  th o se  found  in  c o n t in u o u s  c a s t i n g  m ach ines ) and can be  taken  as
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an a p p ro x im a t io n  to  e q u i l i b r i u m .  However, by  l o o k in g  a t  the  
chromium and n i c k e l  e q u i v a l e n t s  o f  the  a l l o y s  (T a b le  5 .3 )  some 
p o i n t e r s  may em erge . P l o t t i n g  th e  a l l o y  e q u iv a l e n c e s  o n to  the  
phase  d ia g ram s  f o r  l i q u i d u s  and s o l i d u s  (s e e  F i g u r e s  5 .2  and 5 .3 )  
shows t h a t  t h r e e  a l l o y s  ap p ea r  on th e  f e r r i t e  s i d e  o f  the  
p r o j e c t e d  r e a c t i o n  l i n e  and one on the  a u s t e n i t i c  s i d e ,  w i t h  two  
a l l o y s  v i r t u a l l y  a s t r i d e  i t .  H ow ever ,  th e  e x p e r im e n t a l  r e s u l t s  
p re s e n te d  e a r l i e r  s u g g e s t  t h a t  a l l  s i x  a l l o y s  i n i t i a l l y  s o l i d i f i e d  
as  f e r r i t e .  O f  th e  o b s e r v e d  l i q u i d i  o n ly  t h a t  f o r  a l l o y  B d i f f e r s  
m ark ed ly  from the  v a lu e  p r e d i c t e d  by  p l o t t i n g  a l l o y  e q u iv a le n c e s  
on to  a p hase  d ia g ra m ,  a l t h o u g h  f o r  a l l  th e  a l l o y s  n ea r  the  
r e a c t i o n  l i n e  a s m a l l  p l o t t i n g  in a c c u r a c y  c o u ld  g i v e  s i g n i f i c a n t  
p r e d i c t i v e  e r r o r s .
The S - } 7 r e a c t i o n  can be  exam ined  in  term s o f  th e  m i c r o s t r u c t u r e  o r  
the  s e g r e g a t i o n  r a t i o s  o f  th e  e lem en ts  be tw een  th e  p h a s e s .  The 
two methods do n o t  g i v e  c o in c i d e n t  r e s u l t s .  The r e s u l t s  p r e s e n t e d  
a p p ea r  t o  c o r r e l a t e  phase  g row th  w i th  a l l o y  im p u r i t y  c o n te n t .  The  
c l e a n e s t  a l l o y s  (D , F) showed a sh a rp  change be tw een  th e  f e r r i t i c  
and a u s t e n i t i c  s o l i d i f i c a t i o n  modes, w h i l e  the  c o m p a r a t iv e ly  
d i r t i e r  s t e e l s  such  a s  a l l o y  A showed a much lo n g e r  ( i n  term s o f  
te m p e ra tu re )  t r a n s i t i o n .  T h is  can p e rh ap s  be  e x p l a in e d  in  term s  
o f  th e s e  im p u r i t y  e lem en ts  a f f e c t i n g  th e  g row th  k i n e t i c s  o f  the  
new phase  th ro u gh  s u r f a c e  a c t i o n s  and p o s s i b l y  by  a f f e c t i n g  the  
p h y s i c a l  p r o p e r t i e s  o f  th e  l i q u i d  (ph osph o rus  i s  w e l l  known f o r  
i t s  a c t i o n  in  d e c r e a s in g  th e  v i s c o s i t y  o f  l i q u i d  i r o n  f o r  
e x a m p le ) . The most l i k e l y  ty p e  o f  a c t i o n  o c c u r r i n g  h e r e  i s  t h a t  
one o r  more o f  th e  i m p u r i t i e s  i s  a c t i n g  as  an i n v e r s e  s u r f a c t a n t  
w hich  i s  s lo w in g  down the  g ro w th  r a t e  by 'p o i s o n in g *  th e  s u r f a c e .
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TABLE 5 .3
CHROMIUM AND NICKEL EQUIVALENCES USED FOR DISCUSSION PURPOSES
C r ,  . = C r  + 1 .37  Mo + 1 .5  S i  + 2Nb + 3T i
(eq )
N i ,  = N i  + 0 .3  Mn + 22C + 14 .2  N +  Cu 
(e q )
A l l  c o n c e n t r a t i o n s  a r e  e x p r e s s e d  i n  wt%.
These  e q u iv a l e n c e s  a r e  e x p r e s s l y  d e s ig n e d  f o r  s o l i d i f i c a t i o n  and w ere  u sed  
by S u u t a la  and M o is io  (50 ) and w ere  o r i g i n a l l y  p u t  fo r w a r d  i n  r e f . 51.
A l l o y C r
e q
N i
e q
C r  + N i  
e q  eq
C r  / N i  
e q  i
A 21 .19 12.30 33.49 1.72
B 21.61 14 .10 35.71 1 .53
C 20 .39 14.13 34.52 1 .44
D 19 .39 12 .19 31.58 1 .59
E 21 .66 14.11 35.77 1 .54
F 21.56 13.65 35.21 1 .58
C o n s id e r a t i o n  o f  the  s e g r e g a t i o n  r a t i o  can be  r e v ie w e d  in  term s o f  
the  type  o f  r e a c t i o n  w h ich  th ey  may r e p r e s e n t .  I f  th e  d i f f e r e n c e  
be tw een  a change o f  s t a b l e  p h a s e ,  a p e r i t e c t i c  and a e u t e c t i c  
r e a c t i o n  i s  c o n s id e r e d  then  we must s t a r t  w i th  th e  b a s i c  
r e a c t i o n s ,  i e ,
Phase  change L - >  A becomes L - >  B
P e r i t e c t i c  L + A - >  B
E u t e c t i c  L - >  A + B
w here  L r e p r e s e n t s  th e  l i q u i d  and A and B a r e  two s o l i d  p h a s e s .  
In  th e  a l l o y  u n de r  c o n s i d e r a t i o n  th e  i n i t i a l  r e a c t i o n  i s  the  
p r e c i p i t a t i o n  o f  d e l t a  f e r r i t e .  T h i s  w ou ld  l e a d  t o  th e  assum ption  
t h a t  the  f e r r i t e  t o  l i q u i d  r a t i o  w ou ld  r i s e  above  u n i t y  f o r
chromium and f a l l  b e lo w  u n i t y  f o r  n i c k e l .  I f  th e  s o l i d i f i c a t i o n  
mode now s w i t c h e s  to  a u s t e n i t i c  then  the  n i c k e l  i s  g o in g  t o  
p r e f e r e n t i a l l y  p r e c i p i t a t e  o u t  in  th e  a u s t e n i t e .  Thus we w ou ld  
e x p e c t  the  r a t i o  o f  n i c k e l  c o n c e n t r a t i o n s  in  th e  a u s t e n i t e  and
l i q u i d  to  r i s e  above  on e .  However the  a l r e a d y  p r e c i p i t a t e d
f e r r i t e  w i l l  n o t  b e  a f f e c t e d .  As the  c o o l i n g  p ro c e e d s  the
c o m p o s it io n  o f  th e  a u s t e n i t e  w ou ld  a l s o  be  e x p e c t e d  to  change  
a c c o r d in g  to  th e  ph ase  d ia g ra m .
In  th e  p e r i t e c t i c  c a s e  th e  i n t i a l l y  d e p o s i t e d  f e r r i t e  i s  consumed 
w h o l l y  o r  p a r t i a l l y  by  th e  r e a c t i o n .  In  t h i s  c a s e  we may e x p e c t  
t o  s ee  changes  in  th e  r e l a t i v e  c o n c e n t r a t i o n s  o f  th e  e lem en ts  as  
th e  c o o l i n g  p r o c e s s  c o n t in u e s .  An exam ple o f  such a change may be
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th e  r e l e a s e  o f  chromium in t o  the  l i q u i d  as  th e  d e l t a - f e r r i t e  i s  
c o n v e r te d  t o  the  n i c k e l  r i c h  a u s t e n i t e .  T h is  s h o u ld  a t  l e a s t  be  
shown as  a r i s i n g  r a t i o  f o r  chromium betw een  l i q u i d  and the  
f e r r i t e .
In  the  e u t e c t i c  c a s e ,  a f t e r  th e  i n i t i a l  f e r r i t e  s o l i d i f i c a t i o n ,  
b o th  p h a se s  come o u t  o f  th e  l i q u i d  t o g e t h e r  so  an a p p ro x im a te ly  
c o n s t a n t  s e r i e s  o f  s e g r e t a t i o n  r a t i o s  be tw een  th e  f e r r i t e  and  
a u s t e n i t e  w ou ld  b e  e x p e c t e d ,  w i t h  e v id e n c e  o f  n i c k e l  s e g r e g a t i o n  
t o  the  a u s t e n i t e  and chromium to  th e  f e r r i t e .
C o n s id e r in g  the  r a t i o s  from  each  a l l o y  i n d i v i d u a l l y  i t  i s  seen  
(T a b le s  4 .1 0  -  4 .15  i n c l )  t h a t  i n  a l l o y  A ,  j u s t  b e lo w  the
t r a n s i t i o n  t e m p e ra tu re  t h e r e  i s  a r e j e c t i o n  o f  chromium and  
n i c k e l  t o  th e  l i q u i d  ph ase  f o l l o w e d  l a t e r  by  a r e p r e c i p i t a t i o n  o f  
the  chromium i n t o  th e  f e r r i t e . The b a la n c e  be tw een  th e  two s o l i d  
p h a se s  shows more s e g r e g a t i o n  be tw een  them a s  s o l i d i f i c a t i o n  
c a r r i e s  on w h ich  s u g g e s t s  t h a t  b o th  p h a se s  a r e  g ro w in g  from  the  
l i q u i d ,  i e ,  a e u t e c t i c  ty p e  o f  r e a c t i o n .
A l l o y  B shows a marked s e g r e g a t i o n  o f  chromium to  th e  l i q u i d  when 
the  second  p hase  em erges .  S im u l t a n e o u s ly  b o th  th e  s o l i d  p h a se s  
show a s i g n i f i c a n t  en r ich m en t  in  n i c k e l  from  th e  l i q u i d .  T h is  
s u g g e s t s  a c o o p e r a t i v e  r e a c t i o n  be tw een  the  l i q u i d  and the  f e r r i t e  
t o  p rod u ce  a new p h a s e ,  i e ,  p e r i t e c t i c  ty p e  b e h a v io u r .  D a ta  
o b t a in e d  on a l l o y  C i s  i n c o n c lu s i v e  as  t o  i t s  b e h a v io u r  b u t  a l l o y  
D a p p e a r s  t o  f o l l o w  th e  p a t t e r n  o f  a l l o y  A a l th o u g h  the  
s e g r e g a t i o n  r a t i o s  seen  a r e  n o t  a s  s e v e r e .  On l i m i t e d  e v id e n c e  
( c h i e f l y  the  n i c k e l  s e g r e g a t i o n  r a t i o s  a t  1418°C ) a l l o y  E i s
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t e n t a t i v e l y  p la c e d  w i t h  a l l o y  B as  a p e r i t e c t i c a l l y  b e h a v in g  
c o m p o s i t io n ,  and a l l o y  F i s  a l s o  l i s t e d  as  p e r i t e c t i c  b e c a u se  o f  
th e  r e l a t i v e l y  h ig h  n i c k e l  c o n te n t s  o f  the  s o l i d  p ro d u ced  d u r in g  
the  two s o l i d  p hase  p o r t i o n  o f  th e  s o l i d i f i c a t i o n  p r o c e s s .
On a p p ro a c h in g  th e  s o l i d u s  o f  th e  a l l o y s  some th o u g h t  can be g iv e n  
to  th e  r e l e v a n c e  o f  th e  p hase  d ia g ram  to  p r e d i c t i n g  th e  f r e e z i n g  
ra n g e  o f  th e  a l l o y .  I t  i s  w e l l  known t h a t  i t  i s  a t  t h i s  p a r t  o f  
the  s o l i d i f i c a t i o n  p r o c e s s  t h a t  im p u r i t i e s  do have  an e f f e c t .  
The th e rm a l r e s u l t s  p r e s e n t e d  p r e v i o u s l y  i n d i c a t e d  t h a t ,  a s  may be  
e x p e c t e d ,  th e  d i r t i e r  a l l o y s  had th e  most e x ten d ed  f r e e z i n g  
p r o c e s s .  I f  th e  phase  d ia g ra m  p r e s e n t e d  in  F i g u r e  5 .2  and 5 .3  i s  
taken  f i g u r e s  can be  p ro d u ced  f o r  a p r e d i c t e d  f r e e z i n g  ran ge  (S ee  
T a b le  5 . 4 ) .  I f  t h e s e  p r e d i c t e d  f i g u r e s  a r e  compared w i t h  th e  
o b s e rv e d  f i g u r e s  (T a b l e  4 .1 )  the  most n o t i c e a b l e  a s p e c t  i s  t h a t  
the  o b s e rv e d  f r e e z i n g  r a n g e s  a r e  a lw a y s  g r e a t e r  than  th e  p r e d i c t e d  
o n e s .  T h is  can be  a s c r i b e d  to  th e  p re s e n c e  o f  i m p u r i t i e s .  In d eed  
i f  th e  o b s e r v e d  f i g u r e s  a r e  d i v i d e d  b y  the  p r e d i c t e d  f i g u r e s  the  
c l e a n e r  a l l o y s  (D , F) a r e  seen  to  have r a t i o s  o f  1 .22  and 1 .63  
compared w i t h  2 .84  f o r  a l l o y  E which  h as  b e e n  doped w i t h  
p h o sp h o ru s .  Thus w h i l e  th e  t e r n a r y  phase  d iag ram  may r e a s o n a b ly  
p r e d i c t  the  l i q u i d u s  o f  a r e a l  a l l o y  i t  i s  n o t  v a l i d  a t  the  
s o l i d u s  b e c a u se  o f  the  low  m e l t in g  p o in t  l i q u i d  in d u ced  by  the  
p re s e n c e  o f  im p u r i t y  p h a s e s .
The s o l i d u s  d ia g ram  (F i g u r e  5 .3 )  can a l s o  b e  u sed  to  p r e d i c t  the  
r e l a t i v e  amounts o f  the  f e r r i t i c  and a u s t e n i t i c  p h a se s  p r e s e n t  a t  
th e  s o l i d u s  t e m p e ra tu r e .  These  can be  v e r i f i e d  from the  
m i c r o s t r u c t u r e .  The f i g u r e s  p r e s e n t e d  in  T a b le  5 .5  show e s t im a t e s
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ALLOY THERMAL PROPERTIES PREDICTED FROM THE PHASE DIAGRAM
TABLE 5 .4
ALLOY LIQUIDUS ( °C )
A 1450
B 1436
C 1438
D 1460
E 1436
F 1437
SOLIDUS ( ° C )  FREEZING RANGE
1417 33
1414 22
1415 23
1419 41
1414 22
1415 22
TABLE 5 .5
FIGURES USED FOR THE PREDICTION OF THE FERRITE CONTENT AT THE SOLIDUS
ALLOY OBSERVED PREDICTED FERRITE AT FERRITE AT PREDICTED
SOLIDUS SOLIDUS OBS SOLIDUS PRED SOLIDUS FERRITE
( ° C )  ( ° C )  (%) (Co ) (%) (C p ) (% )
A 1363 1417 2 5 ,2 5 ,2 5 50 ,50 ,55  
Av 52
60
B 1390 1414 4 0 ,3 0 ,2 5 ,3 5  4 5 ,4 5 ,3 5 ,5 0  35
Av 44
1378 1415 1 5 ,1 5 ,2 0 ,1 5  2 0 ,2 0 ,2 5 ,2 0
Av 21
23
1408 1419 2 0 ,1 5 ,2 5 4 0 ,3 0 ,3 5  
Av 35
48
E 1373 1414 25 ,30 25 ,30  
Av 28
35
1403 1415 35 ,30 30,35  
Av 33
43
RATIO
Co/Cp
0 .87  
1 .26  
0 .91  
0 .73  
0 .80  
0 .77
o f  th e  amount o f  f e r r i t e  p r e s e n t  a t  the  p r e d i c t e d  s o l i d u s  ( t a k e n  
from  T a b le  5 .4 )  and a t  th e  o b s e r v e d  s o l i d u s ,  t o g e t h e r  w i th  the  
amount o f  8 p r e d i c t e d  from  th e  s o l i d u s  d ia g ram , and f i n a l l y  the  
r a t i o  o f  th e  a c t u a l  v a lu e  o f  f e r r i t e  c o n te n t  a t  th e  p r e d i c t e d  
s o l i d u s  t o  th e  p r e d i c t e d  v a lu e  o f  f e r r i t e  c o n te n t  a t  th e  p r e d i c t e d  
s o l i d u s .  The p r e d i c t e d  s o l i d u s  v a lu e  was u sed  t o  t r y  t o  red u ce  
the  e f f e c t  o f  th e  t a i l  i n  th e  % s o l i d  c u rv e  cau sed  by  the  
i m p u r i t i e s  p r e s e n t  in  th e  a l l o y s .  I t  w i l l  be  seen  t h a t  a r a t i o  in  
th e  r e g i o n  o f  0 .8  h a s  been  o b t a in e d  e x c e p t  f o r  a l l o y  B where  th e  
f i g u r e  i s  w e l l  above  t h i s  ( 1 . 2 6 ) .
5 .2 .3  The C h em is try  o f  A l l o y  B
A p p ly in g  a s i m i l a r  e r r o r  a n a l y s i s  t o  t h a t  g iv e n  i n  C h a p te r  4 we 
can e s t im a t e  th e  s t a n d a r d  d e v i a t i o n  o f  th e  a c t u a l  t o  p r e d i c t e d  
f e r r i t e  r a t i o  d a t a  a s  0 .193  on a  mean o f  0 .8 9  w i t h  5 d e g r e e s  o f  
f reedom . Thus we can e s t im a t e  th e  95% c o n f id e n c e  l i m i t  a s  ±0 .222  
and see  t h a t  th e  o b s e rv e d  f e r r i t e  t o  p r e d i c t e d  f e r r i t e  r a t i o  f o r  B 
i s  s i g n i f i c a n t l y  d i f f e r e n t  from  th e  norm.
T h is  d i f f e r e n c e  be tw een  a l l o y  B and th e  o t h e r  a l l o y s  was n o ted  
p r e v i o u s l y  i n  th e  c o n s i d e r a t i o n  o f  p h a se  d ia g ra m  p r e d i c t e d  
l i q u i d ! , where  the  a c t u a l  l i q u i d u s  o f  a l l o y  B was s e v e r a l  d e g r e e s  
h i g h e r  than  the  p r e d i c t e d  one ( o f  c o u r s e  in  b o th  c a s e s  the  e r r o r s  
o f  e s t im a t io n  must be  b o rn e  i n  m in d ) . However t h i s  does  t i e  in  
w it h  an e x p e r im e n ta l  q u i r k  t h a t  was n o t  s a t i s f a c t o r i l y  r e s o l v e d .  
The a n a l y s i s  o f  a l l o y s  B and C p r e s e n t e d  h e re  in  T a b le  3 .1  w ere  
s u p p l i e d  by  th e  s t e e l  m aker. D u r in g  e l e c t r o n  m ic ro p ro b e  work th e  
chromium l e v e l s  w e re  sometimes h i g h e r  than e x p e c te d  so th e  two
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a l l o y s  w ere  checked  by  an X - r a y  f l u o r e s c e n c e  method. T h is  
r e c o r d e d  an a p p a r e n t  chromium l e v e l  0 .7  wt% h i g h e r  than  the  
s u p p l i e d  a n a l y s i s .  I f  t h i s  i s  c o n s id e r e d  in  term s o f  th e  ph ase  
d iag ram  i t  w ou ld  do two t h in g s  f o r  each  a l l o y :
i )  move the  l i q u i d u s  and,
i i )  i n c r e a s e  th e  amount o f  f e r r i t e  p r e d i c t e d  (and  t h e r e f o r e  
red u ce  th e  r a t i o  r e p o r t e d  a b o v e ) .
In  the  c a se  o f  a l l o y  B the  l i q u i d u s  w ou ld  move up th e  s t e e p  s lo p e  
on th e  f e r r i t e  s i d e  o f  th e  r e a c t i o n  l i n e  (and  a l s o  away from  i t s  
c o in c i d e n t  s i t e  w i t h  a l l o y  E ) . A l l o y  C i s  l o c a t e d  on th e  more 
l e v e l  a u s t e n i t e  s i d e  and w ou ld  move r e l a t i v e l y  i s o t h e r m a l l y  
to w a rd s  ( o r  p a s t )  th e  r e a c t i o n  l i n e .  Thus the  a p p a r e n t  l i q u i d u s  
d i s c r e p a n c y  c o u ld  p o s s i b l y  b e  e x p l a in e d .  A t  th e  s o l i d u s  i t  i s  
seen  t h a t  b o th  a l l o y s  B and C e x h i b i t e d  r e l a t i v e l y  h ig h  o b s e rv e d  
t o  p r e d i c t e d  f e r r i t e  r a t i o s  w h ich  w ou ld  b e  red u ced  s i g n i f i c a n t l y  
by  the  s h i f t  in du ced  by  t h i s  c o n c e n t r a t i o n  ch ange . T here  must now 
be  some d o u b t  a b o u t  th e  s t e e l  m akers a n a l y s i s .
5 .3  C rack  S u s c e p t a b i l i t y
Much o f  the  work c i t e d  e a r l i e r  in  t h i s  t h e s i s  i s  con ce rn ed  w i th  
s o l i d i f i c a t i o n  c r a c k in g  i n  a u s t e n i t i c  s t e e l s .  M ost o f  i t  i s  
con ce rn ed  w i th  r e p o r t i n g  e x p e r im e n t a l  o b s e r v a t i o n s  o f  how much ( i f  
any) c r a c k in g  i s  p r e s e n t  (e g  1 1 ) .  I t  does  n o t  g i v e  a means o f  
p r e d i c t i n g  w h e th e r  a g iv e n  a l l o y  w i l l  c r a c k .  A r e c e n t  a t tem p t  a t  
p r e d i c t i o n  (52 ) has  been  u sed  t o  t r y  t o  g a in  some i n s i g h t  i n t o  the  
p o s s i b l e  c r a c k in g  p r o p e r t i e s  o f  the  a l l o y s  s t u d i e d  h e r e .
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s t r a i n s  a s s o c i a t e d  w i t h  th e  volume change on s o l i d i f i c a t i o n ,  and
d e f i n e s  t im es  d u r in g  w h ich  c r a c k in g  and s t r e s s  r e l i e v i n g
mechanisms may be  o p e r a t i n g .  These  p e r i o d s  w e re  then  l i n k e d  to
the  l i q u i d  f r a c t i o n  by  th e  p r o c e s s e s  o c c u r r in g  in  th e  m e lt .  Thus
th e  p r e d i c t i v e  model i s  d epen den t  on th e  e x p e r im e n t a l  f  v TL
c u rv e  and th e  c o o l i n g  r a t e .
Two a ssum ption s  a r e  made in  s e t t i n g  th e  model up:
a ) The volume change i s  in d ep en d en t  o f  c o m p o s it io n  in  p r a c t i c a l  
c a s e s .
b )  The l o c a l  l i q u i d  f r a c t i o n  d e c r e a s e s  m o n o t o n i c a l l y .
The t im e a v a i l a b l e  f o r  s t r e s s  r e l i e f  ( t  ) i s  g i v e n  as  th e  t im eR
d u r in g  w h ich  s o l i d  movement ( o r  mass f e e d in g )  and l i q u i d  f e e d in g  
can o p e r a t e .  Mass f e e d in g  i s  s t r a i n  accommodation by  p h y s i c a l  
d e n d r i t e  movement and th us  w i l l  c e a se  when th e  c o n f i g u r a t i o n  o f  
the  d e n d r i t e  mass r e s t r i c t s  such  movement. T here  w i l l  then  be  a 
p e r i o d  d u r in g  w h ich  s t r a i n  w i l l  be  s o l e l y  accommodated by  l i q u i d  
f e e d in g  be tw een  the  d e n d r i t e s .
The f i n a l  s t a g e  o f  th e  s o l i d i f i c a t i o n  p r o c e s s  i s  tak en  to  be  when 
th e  i n t e r d e n d r i t i c  l i q u i d  f i l m  i s  b r e a k in g  down and the  
n e ig h b o u r in g  d e n d r i t e s  a r e  b r i d g i n g  th e  gap  t o  g i v e  a s t r o n g ,
s o l i d  m ass. T h is  o c c u r s  a t  v e r y  low  l i q u i d  l e v e l s .
The m odel p r e s e n t e d  assumes th a t  c r a c k i n g  o c c u r s  because  o f  th e
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Between the final solidification and the stress re lie f process is 
a period of time when the structure is vulnerable to cracking 
(t ^ ). This is when the dendrites are s t i l l  separated by liquid 
but an imposed strain cannot be relieved by liquid feeding. Thus 
the weak structure gives way.
The limits for the various processes listed above which occur 
during solidification have been given in ref 52 as:
mass and liquid feeding - 0.1 < f < 0.6
X j
interdendritic separation - 0.01 < f < 0.1L
interdendritic bridging -  f <0.01
X j
A cracking susceptability coefficient (CSC) can then be defined
using t and t as R v
CSC = tv
t^ and t are obtained from the fraction liquid plots presented in 
chapter 4. A knowledge of the cooling rate is also required so 
that a fraction liquid v fraction time plot can be obtained 
(Figure 5.4).
The CSC's (and their associated times) for the investigated alloys 
are presented in Table 5.6. The model suggests that alloy A
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F I G  S o  4  F R A C T I O N  L I Q U I D  V  F R A C T I O N  T I M E  A L L O T  E
TABLE 5.6
CRACKING SUSCEPTABILITY COEFFICIENTS
ALLOY
t 0.22 0.58 0.41 0.32 0.41
t 0.46 0.30 0.37 0.31 0.31v
CSC 2.09 0.51 0.9 0.97 0.76
CSC = t
F
0.49
0.29
0.59
should be most prone to solidification cracking and alloys B and F 
the least. Alloys C and D are more likely to crack than E. The 
small amount of varestraint testing carried out in this study 
supports the conclusions of the model where alloy B did not crack 
and alloy C showed a small amount of cracking.
Although the numbers given for the CSC have no intrinsic 
significance the experimental correlation presented by Clyne and 
Davies for their theory does indicate agreement. Thus the theory 
has given a parameter which appears to be a reasonable qualitative 
guide to an alloys susceptability to cracking. In- the QDS 
technique there is a method which allows the fraction liquid 
against temperature or time curve to be easily determined for a 
solidifying alloy. Thus a real a lloy 's CSC can be experimentally 
determined, allowing real predictions of the possibility of 
cracking to be made. Eventually an alloy database of CSC's could 
be built up which would allow some degree of quantativity to be 
introduced. Thus we have a situation where the degree of likely  
cracking can be assessed as being acceptable or not for the 
engineering structure being produced.
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6. CONCLUSIONS AND A LOOK TO THE FUTURE
6.1 Conclusions
a) A ll six alloys tested in itia lly  solidified as ferrite , with a 
subsequent phase change to austenite, thus confirming earlier 
investigations.
b) The postulated Fe-Cr-Ni ternary diagram could be slightly
wrong in its routing of the eutectic valley through the 316 
specification box. However it  is recognised that the alloys 
studied here are not directly applicable to the diagram 
because of their impurity content.
c) The impurities in the alloys have been found to affect the
solidification kinetics as well as the thermal properties.
d) It is worrying that some doubt has been thrown on the accuracy
of a major steel makers analysis so emphasising the need for 
strong quality monitoring in critical applications.
e) The Clyne-Davies Cracking Susceptability Coefficient has been
presented as a useful predictive parameter for real alloys
when coupled with a quenched directional solidification  
technique to experimentally easily obtain a fraction liquid 
curve.
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6.2 A Look to The Future
Further work in this fie ld  appears to be desirable in two 
directions, these being the phase diagram and industrial weld 
cracking. The former is probably easier to deal with. The 
obvious task of working with pure alloys to tie down the ternary 
phase diagram in this area would be intellectually useful. It 
would be equally satisfying to find out the magnitude of any 
effects the impurities did have on the phase growth and 
transformation kinetics.
Of more practical use is the exploitation of the Clyne-Davies
parameter to provide a predictive tool for almost any given alloy.
The combination of QDS (in a relatively inexpensive experimental
r i g ) , image analysis (to provide the f v t curve) and the easily
Xj
calculated CSC seems to give scope for ending the problem of weld 
cracking caused by cast to cast variations.
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